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10:3:3 Sediment control; engineering . . 349blood of man is increased or diminished in proportion to the 'quantity of her
light'; leaves and vegetables were also believed to feel the moon's influence. All
seas were said to be purified at the full moon, and Aristotle is credited with the
law that no animal dies except when the tide is ebbing. This particular legend
persisted in popular culture, and even as recently as 1595, Parish Registers in
the Hartlepool area of the North of England recorded the phase of the tide
along with the date and time of each death.
Even 2000 years ago the historical records show an impressive collection of
observed tidal patterns (Harris, 1897-1907). However, the ideas advanced by
the philosophers of that time, and for the following 1600 years, to explain the
connection between the moon and the tides were less valid. Chinese ideas
supposed water to be the blood of the earth, with tides as the beating of the
earth's pulse; alternatively tides were caused by the earth breathing. Arabic
explanations supposed the moon's rays to be reflected off rocks at the bottom
of sea, thus heating and expanding the water, which then rolled in waves
towards the shore. One poetic explanation invoked an angel who was set over
the seas: when he placed his foot in the sea the flow of the tide began, but when
he raised it, the tidal ebb followed. During this long period there was a decline
in critical thought, so that the clear statements by the classical writers were
gradually replaced by a confusion of supposed facts and ideas. One notable
exception was the Venerable Bede, a Northumbrian monk, who described
around 730 how the rise of the water along one coast of the British Isles
coincided with a fall elsewhere. Bede also knew of the progression in the time of
high tide from north to south along the Northumbrian coast.
By the mid-seventeenth century three different theories were being seriously
considered. Galileo (1564-1642) proposed that the rotations of the earth,
annually around the sun and daily about its own axis, induced motions of the
sea which were modified by the shape of the sea-bed to give the tides. The
French philosopher Descartes (1596-1650) thought that space was full of
invisible matter or ether. As the moon travelled round the earth it compressed
this ether in a way which transmitted pressure to the sea, hence forming the
tides. Kepler (1571-1630) was one of the originators of the idea that the moon
exerted a gravitational attraction on the water of the ocean, drawing it towards
the place where it was overhead. This attraction was balanced by the earth's
attraction on the waters for 'If the earth should cease to attract its waters, all
marine waters would be elevated and would flow into the body of the moon'.
Arguments over the relative merits of these three theories continued for several
years, subject to the important scientific criterion that a valid theory must
account for the observed tidal phenomena. Gradually as the ideas of a
heliocentric system of planets, each rotating on its own axis, became estab-
lished, and as the laws of the planetary motion and gravitational attraction
were developed, Kepler's original ideas of the moon's gravity causing tides
became the most plausible. Simple ideas of gravitational attraction were,
however, unable to explain why the main oceans of the world experienced not
one, but two tides for each transit of the moon.shown for Bermuda in the North Atlantic, and for Mombasa on the African
shore of the Indian Ocean. Each tidal cycle takes an average of 12 hours 25
minutes, so that two tidal cycles occur for each transit of the moon (every 24
hours 50 minutes). Because each tidal cycle occupies roughly half of a day, this
type of tide is called semidiurnal. Semidiurnal tides have a range which
typically increases and decreases cyclically over a fourteen-day period. The
maximum ranges, called spring tides, occur a few days after both new and full
moons (syzygy, when the moon, earth and sun are in line), whereas the
minimum ranges, called neap tides, occur shortly after the times of the first and
last quarters (lunar quadrature). The relationship between tidal ranges and the
phase of the moon is due to the additional tide-raising attraction of the sun,
which reinforces the moon's tides at syzygy, but reduces them at quadrature.
The astronomical cycles are discussed in detail in Chapter 3, but Figure l:l(b)
shows that when the moon is at its maximum distance from the earth, known as
lunar apogee, semidiurnal tidal ranges are less than when the moon is at its
nearest approach, known as lunar perigee. This cycle in the moon's motion is
repeated every 27.55 solar days. Maximum semidiurnal ranges occur when
spring tides (syzygy) coincide with lunar perigee (Wood, 1986), whereas
minimum semidiurnal ranges occur when neap tides (quadrature) coincide with
lunar apogee. Semidiurnal tidal ranges increase and decrease at roughly the
same time everywhere, but there are significant local differences. The maximum
semidiurnal tidal ranges are in semi-enclosed seas. In the Minas Basin in the
Bay of Fundy (Canada), the semidiurnal North Atlantic tides at Burncoat
Head have a mean spring range of 12.9 m. The mean spring ranges at
Avonmouth in the Bristol Channel (United Kingdom) and at Granville in the
Gulf of St Malo (France) are 12.3 m and 11.4 m, respectively. Elsewhere, in
Argentina the Puerto Gallegos mean spring tidal range is 10.4 m; at the Indian
port of Bhavnagar in the Gulf of Cambay it is 8.8 m and the Korean port of
Inchon has a mean spring range of 8.4 m. More generally, however, in the main
oceans the semidiurnal mean spring tidal range is usually less than 2 m.
Close examination of the tidal patterns at Bermuda and Mombasa in Figure
1:1 (a) shows that at certain times in the lunar month the high-water levels are
alternately higher and lower than the average. This behaviour is also observed
for the low-water levels, the differences being most pronounced when the
moon's declination north and south of the equator is greatest. The differences
can be accounted for by a small additional tide with a period close to one day,
which adds to one high water level but subtracts from the next one. In Chapters
3 and 4 we will develop the idea of a superposition of several partial tides to
produce the observed sea-level variations at any particular location.
In the case of the tide at Musay'id in the Persian Gulf, the tides with a one-
day period, which are called diurnal tides, are similar in magnitude to the
semidiurnal tides. This composite type of tidal regime is called a mixed tide, the
relative importance of the semidiurnal and the diurnal components changing
throughout the month as plotted in Figure l:l(a). The diurnal tides are most
important when the moon's declination is greatest but reduce to zero when theIn a few places the diurnal tides are much larger than the semidiurnal tides.
Karumba in the Australian Gulf of Carpentaria is the example shown in Figure
l:l(a). Here the tides reduce to zero when the moon's declination is zero,
increasing to their largest values when the moon is at its greatest declination,
either north or south of the equator (Figure 1:1 (b)). Diurnal tides are also found
in part of the Persian Gulf, the Gulf of Mexico and part of the South China
Seas. The Chinese port of Pei-Hai has the world's largest diurnal tidal range,
with a difference of 6.3 m between the highest and lowest predicted tidal levels.
The tidal ranges on the relatively shallow continental shelves are usually
larger than those of the oceans. However, very small tidal ranges are observed
in some shallow areas, often accompanied by curious distortions of the normal
tidal patterns. Figure 1:1 (a) shows the curves for Courtown on the Irish coast
of the Irish Sea, where the range varies from more than a metre at spring tides
to only a few centimetres during neap tides. At Courtown when the range is
very small, careful examination shows that four tides a day occur. These effects
are due to the distorted tidal propagation in very shallow water. Shallow-water
distortions, which are discussed in detail in Chapter 7, are also responsible for
the double high water feature of Southampton tides and for the double low
waters seen at Portland, both in the English Channel, where semidiurnal tides
prevail. Double low waters also occur along the Dutch coast of the North Sea
from Haringvlietsluizen to Scheveningen, where they are particularly well
developed at the Hook of Holland. Double high waters are also found at Den
Helde in the North Sea and at Le Havre in the English Channel.
Tidal currents, often called tidal streams, have similar variations. Semidiur-
nal, mixed and diurnal currents occur, usually having the same characteristics
as the local changes in tidal levels, but this is not always so. For example the
currents in the Singapore Strait are often diurnal in character but the elevations
are semidiurnal. The strongest currents are found in shallow water or through
narrow channels which connect two seas, such as the currents through the
Straits of Messina and those through the Euripus which perplexed Aristotle.
Currents in channels are constrained to flow either up or down the channel
axis, but in more open waters all directions of flow are possible. During each
tidal period the direction usually rotates through a complete circle while the
speeds have two approximately equal maximum and two approximately equal
minimum values. Figure 1:2 shows the distribution of tidal currents over one
semidiurnal cycle at the Inner Dowsing light tower in the North Sea. Each line
represents the speed and direction at a particular hour. Because each measure-
ment of current is a vector described by two parameters, their variations are
more complicated to analyse than changes of sea level.
Although this book is concerned with movements of the seas and oceans, two
other geophysical phenomena which have tidal characteristics are of interest. In
tropical regions there is a small but persistent 12-hour oscillation of the
atmospheric pressure (Section 5:5) with a typical amplitude of 1.2 millibars,
which reaches its maximum values near 1000 hours and 2200 hours local time;
this produces a small tidal variation of sea levels. Also, accurate measure-20
the semidiurnal tides are very large. Shallow-water tides are a significant factor,
due to the effects of the extensive continental shelf which separates Newlyn
from the Atlantic Ocean. Courtown has an exceptional tidal regime; the annual
and other long period changes of level are unusually large, but the semidiurnal
tides are unusually small for a continental shelf site.
Table 1:1 Distributions of variance at representative sea-level stations. Long-period
tidal variations include annual, semi-annual and monthly changes. Units are cm
2.
Honolulu
1938-1957
Mombasa
1975-1976
Newlyn
1938-1957
Courtown
1978-1979
Long-period
9
5
17
116
Diurnal
154
245
37
55
Tidal
Semidiurnal
157
7 555
17 055
284
Shallow-water
0
2
100
55
Non-tidal
35
19
191
222
Total
355
7 826
17 400
732
Mombasa and Honolulu have the smallest non-tidal or surge effect in the
observed levels. The largest surge residuals are found in the higher latitudes
where storms are more severe, and in regions of extensive shallow water.
The variance distribution shown in Table 1:1 can be taken a stage further.
Figure 1:5 shows the results of a frequency distribution of the variance in a year
of hourly sea-level measurements at Mombasa. Theoretically, given a year of
8766 hourly observations, 4383 separate frequency components could be
determined, but such a fine resolution gives a spectral plot which is noisy and
irregular. A more satisfactory presentation is obtained by averaging the
variance over several adjacent frequency components.
In the case illustrated, the values are averaged over 60 elements, and plotted
against a logarithmic vertical scale to accommodate the great range of values
obtained. The significance of the semidiurnal and diurnal tides is clear. Most of
the non-tidal variance is contained in the low frequencies, equivalent to periods
of 50 hours or longer. Although weak, the fourth-diurnal tides stand out clearly
above the background noise arid there is a hint of a spectral peak in the vicinity
of the third-diurnal tides near 0.12 cycles per hour. The averaged values of
variance plotted within the diurnal and semidiurnal species conceal a fine
structure of variance concentration at a few particular frequencies, which will
be considered in more detail in Chapter 3.
The measurement of variance is conveniently related to the energy contained
in a physical system and descriptions of tidal dynamics (see Sections 5:4:1 and
7:9) are often expressed in terms of energy fluxes and energy budgets. The
variance of a series of sea levels may be related to the average potential energy22
of the water mass relative to a regional mean sea-level, and for current speeds
the variance may be related to the average kinetic energy of the water
movements.
The purpose of tidal analysis is to represent the variations in terms of a few
significant parameters. In Chapters 3 and 4 we discuss the available techniques
in more detail, but we first summarize, in the next chapter, different methods
for measuring the variations of sea levels and currents in order to produce
reliable data for subsequent analysis.27
Reading accuracy in the presence of waves may be increased by fitting a
transparent tube (Perspex) alongside the pole, which connects to the sea
through a narrower tube preventing immediate response to external level
changes. For a transparent tube of internal diameter 0.025 m, a connecting tube
2.7 m long of internal diameter 0.004 m gives an averaging time of 30 seconds,
sufficient to still most waves. The level in the transparent tube is easily read
against the graduated pole, particularly if some dye is mixed into the tube
water.
Although notable series of measurements have been made with tide poles, the
tedium of reading over several months makes poles unsuitable for long-term
measurements; however, they are often the best choice for short-term surveys of
only limited accuracy. Commercially available gauges, consisting of a series of
spaced electronic water-level sensors, which record both waves and tidal
changes of level are available as an alternative to reading by eye.
2:2:2 Stilling-well gauges
The vast majority of permanent gauges installed since the mid-nineteenth
century consist of an automatic chart recorder: the recording pen is driven by a
float which moves vertically in a well, connected to the sea through a relatively
small hole or narrow pipe (Great Britain, 1979; Forrester, 1983). The limited
connection damps the external short-period wave oscillations. The basic idea
was described by Moray in 1666. He proposed that a long narrow float should
be mounted vertically in a well, and that the level to which the float top had
risen be read at intervals. The first self-recording gauge, designed by Palmer,
began operating at Sheerness in the Thames estuary (Palmer, 1831).
Figure 2:1 shows the essential components of such a well system, as used by
the United States National Ocean Service. The well is attached to a vertical
structure which extends well below the lowest level to be measured. At the
bottom of the well is a cone which inserts into a support pipe; this pipe is fixed
in the sea bottom. Six pairs of openings in the support pipe give little resistance
to the inflow of water, but the narrow cone orifice restricts flow, preventing the
rapid fluctuations due to waves from entering the well. However, the slower
tidal changes which it is intended to measure do percolate. For most tide and
wave regimes an orifice to well diameter ratio of 0.1 (an area ratio of 0.01) gives
satisfactory results. Where waves are very active the area ratio may be further
reduced to perhaps 0.003. Several alternative well arrangements are possible;
these include a hole in the side of the well, or where necessary, a straight or
syphon pipe connection (Lennon, 1971; Noye, 1974; Seelig, 1977). Copper is
often used to prevent fouling of the narrow connections by marine growth. A
layer of kerosene may be poured over the sea water in the well where icing is a
winter problem.
The float should be as large as possible to give maximum force to overcome
friction in the recording system, but should not touch the well sides. A 0.3 m32
Figure 2:4 The flow control and pressure recording equipment of a basic bubbling system. The
gas cylinder may supply either nitrogen or compressed air. Ordinary SCUBA cylinders are very
suitable.
The underwater pressure-point is designed to prevent waves forcing water
into the connecting tube. If this happened large errors would result. The critical
parameter is the ratio between the total volume of air in the pressure-point and
connecting tube, and the area of the pressure-point cross-section: this ratio
should not exceed 0.20 m; the actual shape of the pressure-point cross-section is
not important. For tube lengths up to 200 m the pneumatic system shown in
Figure 2:3 will be accurate to within 0.01 m water head equivalent. The rate at
which air is forced through the tube should be sufficiently large to prevent
water backing-up into the pressure-point and tube system during the most
rapid rate of sea-level rise, but too rapid a rate will result in the air bottle
having to be replaced more often than necessary. Another constraint is that the36
cal caps, are attached to give buoyancy to the unit. The equipment is lowered
into the sea by crane from a research vessel, and released so that it falls slowly
to the sea-bed. Here it remains for the period of measurement, at the end of
which the research ship returns to the site guided by accurate satellite naviga-
tion. The gauge is relocated by means of coded acoustic signals and instructed
to fire a small pyrotechnic device which separates the main equipment from the
ballast frame. The gauge rises slowly to the sea surface; in 4000 m of water this
may take more than an hour. There is often keen competition for the first
sighting! Additional methods of location include acoustic tracking and an
automatic flashing light mounted on top of the main frame.
Less elaborate gauges are available commercially for measurements on the
continental shelf. In shallow water it is often better to have the gauge attached
to a ground line, which may be marked and recovered by a surface float, so that
it can be recovered without acoustic commands. If the surface float is lost, the
ground line can still be recovered by trawling a hook along the sea-bed. A
further refinement for hydrographic survey work in shallow water is to transmit
the bottom pressure to a surface buoy, either acoustically or by conducting
cable; from this buoy the signal is radioed to the survey ship, so that corrections
for sea surface level changes can be made as the survey proceeds.
The accuracy of these gauges is limited by the pressure sensing transducer
itself. The ideal transducer would be sensitive only to pressure changes, but in
practice temperature changes also affect their signal, and so separate correc-
tions for this are also necessary. A second important requirement is to minimize
the transducer zero drift over the time of deployment. On the continental shelf,
in depths of less than 200 m this drift can be reduced to a few centimetres a
month, which is comparable with the drift due to gradual settling of the ballast
frame into the sediment. In depths of 4000 m the drifts are greater, and more
care is necessary when making corrections for temperature effects. This is one
problem which the oceans themselves help to minimize, because temperature
changes at these depths are usually less than 0.1 °C over very long periods.
There are several different designs for pressure transducers: the most popular
types have either a strain gauge sensor or a quartz crystal sensor. If the
transducer's electronic circuit is designed to give an oscillating output whose
frequency changes with pressure, then the average pressure over a sampling
period may be determined by counting the oscillations. This is a very useful
way of averaging out wave pressure variations in very shallow water; in deep
water the sea does its own averaging as these waves are not felt at the sea-bed.
2:2:6 Satellite altimetry
Measurement of sea levels away from the coast using bottom pressure gauges is
slow and expensive. At least two cruises are required, one for deployment and
one for recovery. An alternative method is to measure the distance of the sea
surface below an orbiting satellite, in the same way that a ship's echo sounder38
If the earth were a perfect sphere with its mass uniformly distributed, then a
satellite would orbit in an ellipse with the centre of the earth as one focus: for
altimetry a nearly circular orbit is best. The acceleration necessary to maintain
the satellite in its orbit is provided by the force of the earth's gravitational
attraction. At lower orbits the greater gravitational attraction balances a larger
orbital speed, whereas at higher orbits lower orbital speeds and longer periods
of rotation maintain a dynamic equilibrium. For each orbital radius there is a
definite speed and orbital period. Figure 2:6 shows corresponding speeds and
orbital periods for circular orbits around a spherical earth of uniform mass
distribution. The only orbit which would allow the satellite to measure altitudes
above the same fixed point of the ocean is the orbit in the plane of the equator,
at an elevation of 42200 km from the centre of the earth. However, this
elevation is too high and gives too limited a coverage. For altimetry, the best
orbits are at elevations between 800 km and 1300 km above the earth's surface,
at geocentric elevations from 7170 to 7670 km. At these altitudes, where each
satellite orbit takes about 100 minutes, the atmospheric drag on the satellite is
acceptably low, while the power required for transmission and reception of
detectable pulses is not too high. Small changes in orbit height and inclination
allow fine tuning of the ground coverage so that it repeats at regular intervals;
any differences in the levels measured by repeated orbits must be due to sea
surface variability. There are also more subtle constraints imposed by the need
to avoid orbits which cross the same area of ocean at periods close to those
found in the tides. For example, if this happened at an exact multiple of 24
hours the solar tide would appear frozen as a permanent distortion of the mean
sea-level surface.
As with the ground-based electromagnetic pulsed systems, the return of a
single pulse would have to be timed to better than 10"
1
0 s for the satellite to sea
surface distance to be accurate to 0.01 m. The first effective altimeter was flown
on Skylab S-193, launched in 1973. This had a range resolution of better than
1 m. Improved techniques for comparing the pulses and increasing the power
enabled the GEOS 3 satellite, launched in 1975, to achieve a range resolution of
better than 0.50 m and a ground resolution of 3.6 km. SEASAT, which was
launched in 1978, had a range resolution of better than 0.1 m and a ground
resolution of 2.5 km over a calm sea. These range resolutions are based on the
average of several separately timed pulses. Adjustments of the travel times are
made for the atmospheric and ionospheric conditions through which the pulse
travels. If the sea surface is smooth the return pulse has a sharply defined
leading edge, but as the sea becomes more disturbed the leading edge is
extended. The midpoint of this leading edge is taken as the return time.
Corrections are made for the bias introduced because more energy is reflected
from the wave troughs than from the crests. Additionally, wave heights can be
estimated from the slope of the leading edge of the return echo. As a further
refinement it is also possible to relate the reflected pulse strength to the surface
wind speed. The continuous monitoring of the sea levels achieved by SEASAT
over a 70-day period was terminated by an electrical failure, but GEOS-3 lasted
for several years.41
Orbit of
satellite
Figure 2:8 The relationship between the earth's rotation and the proposed TOPEX satellite orbit
inclined at 64° to the equator.
A major proposal for the next generation of satellite altimeters has been
prepared by the TOPEX group of the United States National Aeronautics and
Space Administration (TOPEX, 1981); launch as the joint USA/French
TOPEX/Poseidon mission is planned for 1991. It is intended that the global
variability of sea-level will be studied from time scales of 20 days to 5 years on
spatial scales from 30 km to the width of the ocean basins. NASA emphasizes
the need for rapid processing of the vast quantities of data which would be
generated. A network of global sea-level stations will enable ground-truth
checks on these variations (Section 11:7) as well as serving many other
purposes. The choice of the proposed orbit parameters is a compromise
between frequently repeated orbits and detailed spatial resolution. Figure 2:8
shows how the 24-hour rotation of the earth under the 100-minute satellite
orbit enables a coverage from 64° S to 64° N, with the pattern shown in Figure
2:9. The exact phase relationship between the 24-hour rotation and an integral
number of satellite orbits is controlled by a fine adjustment of the orbit height
and period to allow orbits to repeat over the same earth swath every 10 days.
There will be no coverage at higher latitudes than 64° which means that the
polar regions are not monitored. However, an orbit at a higher inclination
would give track crossings at very acute angles, which would make compari-
sons less favourable. The TOPEX satellite has been designed to minimize
atmospheric drag. The European Space Agency plans to launch a remote
sensing satellite ERS-1, also early in the 1990s, which will carry a number of
sensors, including an altimeter having a resolution of better than 0.10 m.
Initially ERS-1 will have a 3-day repeat cycle of ground coverage.
Satellite altimetry is a new and very important development. For defining the
sea surface off-shore it promises major progress over the next few decades.46
due to waves, the fin is unable to reverse and so the forward and backward
currents are both added into the rotor motion. If a propeller-type rotor with a
horizontal axis is used, forward and backward flows cause the rotor to turn in
different directions so that oscillating flows are correctly averaged. The meter
must be correctly balanced in the water which, because of the different
buoyancy, is not the same as being correctly balanced in the air: final balancing
adjustments must be made in sea-water. Correct balancing also allows the
magnetic compass to operate freely on its pivot. All meter parts including
batteries must be non-magnetic to avoid small distortions of the earth's
magnetic field. Similar distortions can also affect measurements of current
directions from ships or near to steel offshore platforms. The difference
between magnetic north and geographic north is allowed for in the data
processing (see Section 2:4).
Meters must be calibrated for both speed and direction, if possible both
before and after deployment. Speed calibrations are made in a towing tank or a
flume. They are more stable than direction calibrations, which are made by
rotating the meter at a site where the direction of magnetic north is known.
(a)
Direction Vane
Speed rotor
Temperature
sensor
Recorder48
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Figure 2:11 Diagram of a U-shaped current meter mooring system.
Overall calibration and system accuracy of 0.02 m in speed and 1° in direction
are possible with careful use of standard instruments.
Meters must be properly suspended in the water column at the required
depth. One method is shown in Figure 2:11. The U-shaped mooring with two
clumps of chain as anchors is suitable for water depths less than 100 m. At
greater depths a pop-up acoustic release system may be fitted above the first
anchor. The sub-surface buoy below which the meters hang should be at
sufficient depth for the wave motions to be negligible. In practice this means
that meters cannot be deployed in this way within about 15 m of the surface.
Because the meters and the wires are constantly in motion and liable to stress
corrosion in the sea water, careful choice of materials is essential if the lifetime
of the deployment is to extend for a month or even a year.
The length of time for the deployment and the recording capacity of the
instrument control the choice of sampling interval. The instrument shown in
Figure 2:10(a) is capable of measuring every ten minutes for 70 days; the
total rotor counts over each 10-minute period, and the instantaneous magnetic
direction are recorded on magnetic tape. For long-period deployments, values
may be recorded each hour. Quartz crystal clocks give timing accurate to a few
seconds a month. Many meters include additional sensors to measure water
temperature, salinity and pressure. Pressure can be a useful indicator of the
meter's behaviour on the mooring wire, a rapid increase in pressure indicating
that the meter is being depressed to deeper levels by the drag of the current on
the mooring.
Alternative meters have been developed which have two horizontal propeller
speed-sensors set at right angles. The magnetic directions of the two axes are
measured by a flux-gate compass, and the flow along these axes is resolved into52
The wide range of techniques available for measuring currents may confuse
anyone planning an occasional experiment. Although each has advantages and
disadvantages the most commonly used system consists of a moored recording
meter or series of meters fitted with rotors. Savonius-type rotors should be
avoided within the surface layer influenced by waves. High-quality direct
measurements in the near-surface layer remain a challenge for the design
engineer, but such measurements are important for pollution dispersion stu-
dies, for studies of momentum transfer through the sea surface from winds, and
for evaluating the forces due to combined wave and current effects on offshore
structures.53
Figure 2:12 (a) The spatial coverage achieved by a deployment of the Ocean Surface Current
Radar (OSCR) in the Irish Sea. Radars were located at Point Lynas and Great Ormes Head and
(b) the M2 current ellipse parameters determined by analysis of 30 days of data. Arrows show
direction of flood flow; solid contours show phase of maximum flood flow. (Prandle, 1987)
2:4 Data reduction
Before the raw data recorded by the instrumental system is ready for scientific
analysis it must go through a process of checking and preparation known as
data reduction (UNESCO, 1985b). The recorded data may be in the form of a
chart recording such as that shown in Figure 2:13, a trace on photographic
film, a punched paper tape, or a digital signal on magnetic tape or in a solid-
state memory. This data must be read either by eye or by a mechanical
translator, checked for recording errors, and adjusted for calibration factors
and for control clocks running fast or slow. Gaps are interpolated if necessary
before filtering to obtain values at standard times. Usually, but not invariably,
oceanographic changes with a strong tidal component are presented for
analysis in the form of hourly values, on the hour, either in local time or in
Greenwich Mean Time. When the data has been processed, it is highly desirable
that it is preserved with proper documentation in a permanent computer-based
data bank.58
correct record would be less than 5 minutes. Sudden jumps at the sampling
interval of 15 minutes are clearly identified and artificial scans may be added or
extra scans may be removed from that part of the record. To overcome this
difficulty some instruments have an independent time channel.
A separate problem relates to the filling of gaps in records. Gaps may extend
from a few hours to several days, usually due to instrument failure. There will
also be small gaps between successive records which need to be filled to obtain a
complete series. Gaps of a few hours may be interpolated by eye. Larger gaps
can be filled by fitting a function through the observed values on either side, if
the gap is not too large. The 25-hour function of equation (2:6) can be used for
gaps up to a day. Gaps should only be interpolated if there is a special need
such as the application of a numerical filter with a broad window, when too
much data would be lost by treating the original observations as two separate
series. A more elaborate interpolation method is to add predicted tidal
observations to an interpolation of the observed low-frequency meteorological
changes.
To convert digital values at 5-minute, 10-minute, 15-minute and 30-minute
intervals to hourly values, the formulae in Appendix 1 may be used. Timing
adjustments to give values exactly on the hour can be made using a convenient
curve fitting formula. This function is then recalculated at the corrected time to
give the on-hour value. Other more or less elaborate functions are also
available.
The final stage of data reduction is to deposit the data in an oceanographic
data bank, together with details of the methods used for measurement, the
steps taken in the processing, and clear indications of the data which has been
interpolated or which is unreliable in some way. Although this may seem a
tedious additional requirement; the high cost of making oceanographic
measurements means that data should be available for use in as many
investigations as possible.Minutes 20 r
15 -
10 -
5 -
0
- 5
-10 -
-15 L
Sundial behind clock
Jan. Feb. March April May June July Aug. Sept. Oct. Nov. Dec.
Figure 3:10 The annual equation of time, showing the difference between clock time and solar time, due to the solar Right Ascension being affected by the
ellipticity and obliquity of the earth's orbit.79
The lunar declination can be calculated from this ecliptic latitude using
similar formulae.
The declination and right ascension of the moon and of the sun may all be
represented as series of harmonics with different amplitudes and angular
speeds. The Equilibrium Tide may also be represented as the sum of several
harmonics by entering these astronomical terms into equation (3:12), as we
shall see in Chapter 4.
3:3:4 Basic astronomical frequencies
The hour angle Cp for the lunar or solar Equilibrium Tide used in equation
(3:10) needs further clarification. Table 3:2 summarizes the basic astrono-
mical frequencies involved in the motions of the moon-earth-sun system. The
time taken for one complete cycle of the lunar hour angle C, is called the mean
lunar day. For the sun, one cycle of Cs is the mean solar day which we use for
normal civil activities. Because of the movement of the moon and sun these
days are slightly longer than the sidereal day:
Mean solar day 27i/(cos - co3) = 2n/coo
Mean lunar day 2TI/((OS — ©2) 3 2TC/©!
with the symbols as defined in Table 3:2. Hence we have:
©s = ©0 + co3
and
0)3 = 0)!+ ©2
for the frequency of sidereal earth rotation. By convention the © speeds are in
terms of radians per unit time.
To moon
Greenwich Meridian
GM
Figure 3:11 Projection of the celestial sphere on the plane of the equator to show the relationship
between the hour angle Cp, the movement of the sub-lunar point, and the earth's rotation.
Cp is the angular difference between the terrestrial longitude of the point P
and the longitude of the sub-lunar point V. Figure 3:11 shows a projection ofPredicted
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Figure 4:8 Levels at Eastham Lock, River Mersey, relative to high water times and ranges at Princes Pier, Liverpool. For example, if the predicted high-
water level at Princes Pier is 8 m, then the level at Eastham Lock five hours after this time will be 3.1 m above the datum level.148
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Figure 5:3 Showing how incident and reflected waves of equal amplitude produce a standing
wave pattern with nodes and antinodes. ( -> are currents), (a) high water at the reflecting barrier;
(b) a quarter of a period later the incident wave has moved a quarter wavelength towards the
barrier, and the reflected wave has moved a quarter wavelength in the opposite direction away from
the barrier. After half a cycle the elevations and currents are the reverse of (a); after three-quarters
of a period they are the reverse of (b).155
the same as equation (6:11) for the forcing of sea-level changes by a moving
atmospheric pressure disturbance. The dynamics of propagation in zonal
canals, which had previously been considered in 1740 by Bernoulli was further
investigated in 1845 by Airy, who introduced energy losses through a linear
friction term and considered the resulting distortions to the progressive wave.
A completely different approach was taken by Harris (1897-1907) who
pictured the global tides as a mosaic of standing wave systems, each with
natural periods equal to that of the tides. Although severely criticized for its
lack of mathematical rigour and its neglect of the earth's rotation, Harris's
techniques produced charts which were generally compatible with the available
observations and a considerable improvement on those previously drawn. His
emphasis on the influence of resonance was an important contribution to
modern ideas of near-resonant ocean response to semidiurnal forcing.
Attempts to solve Laplace's tidal equations for ocean basins of different
geometrical shapes and depths have served to demonstrate the types of motion
which may occur and to investigate the sensitivity of the ocean tides to
parameters such as basin width and depth (Proudman 1925, 1942), but the real
oceans are too complex for detailed realistic solutions. Numerical solutions of
the equations by powerful computers can give better fits to all of the obser-
vations (Parke, 1982; Schwiderski, 1983). The principle is straightforward: the
oceans are divided into a network of component areas sufficiently small to
define their shape and depth variations. Some compromise is necessary between
a very detailed resolution and the computing power available, but this is not a
severe limitation using modern computers: a grid consisting of 1° by 1°
elements is easily possible. Energy dissipation can be introduced by radiating
energy through the boundaries, by bottom friction or by a form of eddy-
viscosity. Both the solid earth tides and the ocean loading effects can be
included, as can the gravitational self-attraction of the tidal bulges. Figure 5:1
is an example of an M2 chart produced in this way, with the frictional
parameters adjusted to give a satisfactory fit where observations are available.
A different approach, concerned with physical interpretation of the observed
tides, begins by numerically computing the normal modes of oscillation of the
oceans, more realistically than Harris's imposed resonances. Treating the ocean
tides as a forced linear oscillating system with weak dissipation, the observed
tides must be represented as a linear combination of these modes (Platzman,
1983). The contribution of each mode to the synthesis depends on the closeness
of its frequency to that of the tide and to its spatial coherence with the
Equilibrium Tidal potential. Ten modes can account for 87 per cent of the
energy in the M2 tide; the most energetic mode, which accounted for 19 per cent
of this, was dominant in the South Atlantic. For the K: tide, which has a period
of 23.93 hours, 93 per cent of the energy is accounted for by the first ten modes;
remarkably, the most energetic mode, a combined fundamental basin oscil-
lation of the Pacific Ocean and a fundamental Kelvin wave around Antarctica
of period 28.7 hours, accounts for 61 per cent of the tidal energy. The diurnal
responses are weaker because the normal modes are at periods further removed
from the periods of the tidal forcing than are the semidiurnal normal modes.164
Suppose that the boundary is represented by a step discontinuity in depth from
4000 m to 200 m. For a plane wave approaching an infinitely long ocean shelf
boundary at an angle, the law of refraction applies, the angles of incidence and
refraction being related by:
sin (incident angle) _ ocean wave speed ^ / 4000<gy _ . ,
sin (refracted angle) ~~ shelf wave speed \ 200-g./ ~~
In the absence of other effects such as the earth's rotation, a wave approaching
nearly parallel to the shelf edge (incident angle 90°) would have a refracted
angle of 13°—the direction of wave propagation is turned through 77°.
A normally incident long wave will be partly reflected back to the ocean and
partly transmitted onto the shelf. Of course the real continental margin will
have a different response to that of the theoretical step, but the relative
theoretical amplitudes are instructive. For an incident wave of amplitude 1.0 m
the reflected wave has a theoretical amplitude of 0.64 m and the transmitted
wave has an amplitude of 1.64 m (Appendix 4:1b). The reason for this can be
argued by energy flux considerations. In Appendix 4:1a the energy transmitted
in unit time by a progressive wave is shown to be:
per unit distance along the wavefront. In the absence of reflection and energy
losses due to bottom friction, the quantity:
(wave amplitude)
2 x (water depth)^
must remain constant as the wave moves into shallower water. If the depth is
reduced by a factor of 20 and there is total energy transmission, the wave
amplitude increases by a factor of 20* = 2.1. For the step model of the
boundary between the ocean and the shelf, 60 per cent of the incident energy is
transmitted and 40 per cent is reflected, but the transmitted energy is still
enough to give larger amplitudes in the shallower water by a factor of 1.64.
The tidal currents on the shelf are also enhanced. Applying equation (5:2),
which relates currents to wave amplitude and water depth, the ocean wave of
amplitude 1.0m in 4000m depth has current speeds of 0.05ms"
1 whereas the
transmitted wave of amplitude 1.64 m in 200 m depth has current speeds of
0.36ms~'. The current speeds are increased by a greater factor than the
increase in the elevation amplitudes.
Waves incident at an angle to the actual sloping topography of the continen-
tal margins will undergo continuous refraction. Reflected waves may also be
refracted back again giving rise to a succession of topographically trapped edge
waves travelling along the ocean-shelf interface. For waves travelling with the
shallow water to their right (northern hemisphere) trapping is also possible
because of the earth's rotation. The tides around New Zealand have been
explained in terms of weakly trapped semidiurnal waves (Bye and Heath, 1975).U.S.A,
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Figure 5:16 shows the mean spring near-surface tidal currents on the northwest
European shelf. The strongest currents are observed in the English Channel
and Dover Straits, in the Irish Sea and north of Ireland. Currents in excess of
1.0ms"
1 are also observed in the channels between Scotland and the Orkney
and Shetland Islands as the Atlantic tide enters the North Sea. In the Pentland
Firth the spring currents exceed 4.0ms"
1, Currents in narrow straits, such as
these between two tidal regimes, are controlled by the balance between pressure
head and friction, according to the laws of open channel hydraulics; these are
discussed in Chapter 7. Figure 5:17 shows the current system which develops
between a complex of islands in the Juan de Fuca Strait, British Columbia; the
power of the numerical modelling technique for producing these complicated
charts is evident.
The ratios between the amplitudes of different current constituents are
usually fairly stable over large regions; for example, the S2/M2 current
amplitude ratio over the northwest European shelf is close to 0.35 except near
amphidromes. The ratio between diurnal and semidiurnal currents is usually
stable, and close to the ratio in the elevations. However, there are places where
these ratios become anomalous. In the centre of the Persian Gulf (Figure 5:15)
the proximity of a diurnal amphidrome and a semidiurnal anti-amphidrome
means that the currents are predominantly diurnal whereas the elevation
changes are predominantly semidiurnal. A similar juxtaposition of a diurnal
amphidrome and a semidiurnal anti-amphidrome gives diurnal currents and
semidiurnal elevation changes for Singapore at the southern end of the
Malacca Strait.
The sense of rotation, clockwise or anticlockwise of a current ellipse is
controlled by many factors and there are no simple rules to decide which effects
will be most important. In some cases the rotation sense may be different at the
top and bottom of the water column (see Section 7:4). In the oceans, well away
from the influences of the coast, the direct tidal forcing and the Coriolis
accelerations both act to induce circulation of the semidiurnal current ellipses
in a clockwise sense in the northern hemisphere and in an anticlockwise sense in
the southern hemisphere. On the continental shelf the sense of rotation is
usually controlled by the bathymetry and by coastal wave reflections. The
theoretical amphidromic system shown in Figure 5:6 has anticlockwise
circulation of current ellipses near the reflecting boundary in the northern
hemisphere and anticlockwise circulation in the southern hemisphere.
Another important influence on the sense of ellipse rotation near a coastline
is the presence of shelving beach or an embayment, as illustrated in Figure 5:18.
Consider a progressive wave travelling with the coast on its right. At high water
(1) the flow is directed parallel to the coast as shown. At midwater level on the
falling tide there is no contribution to the flow from the wave progression, but
the fall of water level in the embayment produces an offshore flow. At low
water (3) the progressive wave gives a flow as shown, parallel to the coast, but
as levels in the embayment are not changing, there is no component towards
the coast. At midwater on the rising tide (4) the progressive wave has no181
with maximum onshore winds at 1530 hours local time. Maximum St levels
occur 6 hours later, just after the wind reverses and begins to blow offshore,
which suggests a piling-up of the water rather than an immediate response to an
imposed wind stress. Large St tidal constituents are usually only found in
tropical regions where the diurnal heating cycle is strong. Around the United
States the St amplitude is usually small, close to 0.01 m. Instrument errors may
also produce an Sx constituent in a harmonic analysis (see Section 4:2:1).
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Figure 5:19 Air pressure variations at Aldabra Island, showing the variations at the S2 tidal
frequency, typical of equatorial latitudes.
Figure 5:19 shows the variations of air pressure at Aldabra Island in the west
central Indian Ocean (Pugh, 1979); it is clear that these are dominated by a 12-
hour variation. In the tropics variations of pressure at low frequencies from day
to day are much less than at higher latitudes. In the upper atmosphere the
diurnal heating cycle gives rise to diurnal pressure waves, but the dynamic
structure of the atmosphere causes the semidiurnal harmonic to dominate at
sea-level with an observed equatorial amplitude of 1.25 mb. By the usual
inverted barometer arguments, the low atmospheric pressures at approximately
0400 and 1600 local time are equivalent to a maximum Equilibrium forcing of
0.0 125 m at the equator. The Equilibrium gravitational forcing at S2 has a
maximum of 0.164 m, at 0000 and 1200, local time. If the ocean response to the
two forcing systems is the same, the radiational S2 should have an amplitude
0.076 that of the gravitational S2, and should lag it by 4 hours, or 120°. This is
approximately true for tropical stations; the ratios and phase lags observed at
three Indian Ocean stations were:
Mombasa 0.061 90°
Aldabra 0.073 125°
Mahe, Seychelles 0.066 116°
However, this good agreement for tropical stations conceals an anomalous
larger S2 radiational response at higher latitudes. The gravitational Equilib-
rium Tide decreases as cos
2<p, where cp is the latitude, but the atmospheric
pressure tide decreases as cos
3(p (Chapman and Lindzen, 1970; Forbes and
Garrett, 1979). In theory the atmospheric ratio should also decrease at higher
latitudes, but in practice the radiational tide becomes more important. At
Bermuda the ratio is 0.10, but on both the east and west coasts of the United183
Observations of currents and temperatures in stratified seas often show
variations of tidal frequencies which are not coherent with the tidal forcing.
Analyses of these fail to identify a stable phase and amplitude, but spring to
neap modulations are sometimes apparent. In spectral terms they have a
narrow band rather than a line spectrum. It has been suggested that the rise in
the level of incoherent energy near to the frequencies of the major tidal
constituents in the spectrum of residuals, may be partly due to the second-order
effect of incoherent internal tides on the surface levels. The ratio of surface
displacement to maximum internal displacement is approximately [(p2 — Pi)/
p2] in the simplest case, with similar scaling for more complicated modes. Thus
an internal tide of 10 m amplitude would have a typical effect on surface levels
of less than 0.01 m; nevertheless, these can be detected in detailed analysis of
surface levels.185
crops for several years because of the saline deposits which remain after the
floods have receded. Loss of life during flooding can be minimized by moving
people and animals to higher ground if enough warning is given, but damage to
property and crops is inevitable unless permanent protection barriers have been
built. Aspects of the design of permanent defences are discussed in Chapter 8.
Figure 6:1 Extensive sea flooding at Sea Palling on the Norfolk coast, during the North Sea surge
of February 1953.
Table 6:1 Estimated results of some historical storm surge events.
Date
November 1218
1864, 1876
September 1900
January-
February 1953
March 1962
November 1970
Region
Zuider Zee
Bangladesh
Galveston, Texas
Southern
North Sea
Atlantic Coast, USA
Bangladesh
Maximum
surge level
?
4.5 m
3.0 m
2.0 m
9.0 m
Lives lost
100000
250 000
6000
2000
32
500000187
Changes in atmospheric pressure produce changes in the forces acting vertically
on the sea surface which are felt immediately at all depths. Also, forces due to
wind stress are generated at and parallel to the sea surface; the extent to which
they are felt at depths below the surface is determined by the length of time for
which they act and by the density stratification of the water column, which
controls the downward transfer of momentum. Usually in any particular storm
the effects of winds and air pressures cannot be separately identified.
The effects of tropical storms and of extratropical storms have very different
characteristics, as illustrated by the two examples in Figure 1:3, and so a clear
distinction between them is usually made. Tropical storms are usually small
and very intense. They are generated at sea, from where they move in a
relatively unpredictable way until they meet the coast. Here they produce
exceptionally high flood levels within a confined region of perhaps tens of
kilometres. Tropical storms are known variously as hurricanes (USA), cyclones
(India), typhoons (Japan), willi-willies (Australia) and baguios (Philippines).
Because of their compact nature, the maximum flood levels generated by such
storms are unlikely to occur in the vicinity of any of the sea-level recorders on a
normally distributed network: even if they do, there is a good chance that the
recorder itself will be overwhelmed. However, the effects may be more extensive
when a tropical storm tracks parallel to the coast.
The 1962 USA Ash Wednesday storm which caused damage from North
Carolina to New York, strictly classified as a winter frontal cyclone, and
known locally as a northeaster, was an example of an extratropical storm.
Extratropical storms extend over hundreds of kilometres around the central
region of low atmospheric pressure and are usually relatively slow moving.
They affect large areas of coast over periods which may extend to several days.
Because they are slower moving and cover much larger areas than tropical
storms, the extreme sea-level events are likely to be detected at several
recorders. Pressure and wind effects may be equally important, whereas for
tropical storms wind stress effects are usually dominant. Along the east coast of
the USA extratropical storms are generally more important to the north of Cape
Hatteras, whereas tropical hurricane storms are most important to the south.
Storm surges in the waters around Britain are due to extratropical weather
patterns, but the responses of semi-enclosed seas to the weather forcing are far
from uniform. There is, for example, a tendency for North Sea surges to persist
for more than one tidal cycle whereas surges on the west coast are often of
much shorter duration. The more extensive spatial scales and longer periods of
extratropical storms mean that the effects of the earth's rotation, represented
by Coriolis forces, are more important in determining the seas' dynamical
response; so too are the natural resonant periods of the seas and basins
themselves.
Several possible physical responses may be modelled by analytical solutions
to the hydrodynamic equations, but a full description of the complicated local
effects is best achieved by numerical modelling techniques. Coupled with
numerical models of atmospheric changes these models are used as the basis of229
model of the continental shelf as described in Section 6:5, to give estimated
coastal levels 36 hours ahead. There is a continual process of updating the
forecasts as the times of potential flooding approach, using the latest weather
forecasts and observations of the surges as they develop and progress from
north to south along the coast. The coast is sectioned into five Divisions, each
of which has a reference port. Local authorities in each Division nominate a
Danger Level for their reference port. The STWS issues an alert to the local
police if a Danger Level is likely to be reached; the police in turn consult with
the local Water Authorities to decide from local knowledge what warnings are
necessary. About 4 hours before the maximum level is reached a second
message is issued. This may be a full Danger Warning, an Alert Confirmed if
the forecast levels may approach the Danger Level, or a Cancellation if there is
no longer any danger. In a typical season some 70-100 Alerts will be issued, but
only about five of these will be followed by Danger Warnings. This type of
procedure is also used to decide when London should be protected by closing
the Thames Barrier (Figure 6:21) (Horner, 1985).
Figure 6:21 The Thames Barrier at Woolwich, which is raised in advance of large surges to
protect London. (Copyright © Thames Water.)
Warnings of hurricane surges along the east coast of the United States are
issued by the National Weather Service using the SLOSH model previously
described. Weather parameters are difficult to obtain for hurricanes which
develop and travel out at sea; in addition to coastal and ship reports, satellites,230
coastal radar and special reconnaissance aircraft are also used to estimate the
central pressure, the radius to maximum winds and the tracking of an
approaching tropical storm. Six-hourly hurricane parameters are supplied to
the model, but the reliability of the model is limited by the forecasts of the
hurricane positions. At present National Weather Service forecasts of hurri-
cane position have an average error of + 100 miles for a 24-hour forecast.
Several runs for different possible tracks are examined to get an overview of the
potential surge flooding from a threatening hurricane.
Warnings of tsunami approach are issued by the Tsunami Warning System
in Hawaii. When an earthquake of sufficient magnitude to generate a tsunami
occurs in the Pacific Ocean area its exact location is determined by a network of
seismograph stations from the arrival times of the seismic waves. The network
of sea-level stations is then alerted to watch for a tsunami. Only those
earthquakes which cause a strong vertical movement of the sea floor generate
tsunamis, but these cannot be identified directly from the seismic signals. The
first positive indications of a tsunami are usually obtained from the gauges
nearest to the earthquake epicentre. If a tsunami is observed, all other countries
in the System are given immediate warning from Hawaii. If no tsunami is
observed the warning alert is cancelled.
It is important that flooding warnings are only issued for serious events. Too
many near-misses and cancelled warnings reduce public confidence with the
result that genuine warnings are ignored. But the obvious consequences of
delaying before issuing a warning are far more severe. The officer responsible
for initiating the warning procedures must have reliable weather forecasts, and
a proven model of the behaviour of the sea under the influence of these weather
conditions, to avoid both these difficulties.232
high to low water: the rise time is more rapid than the fall. Offshore the flood
currents are stronger than the ebb currents. This effect is seen in Figure 2:13 for
Liverpool, where the tides are distorted in passing through the shallow waters
of the Irish Sea and the estuary of the River Mersey. In these circumstances,
simple predictions give times of high water which are later than observed, and
times of low water which are earlier.
12 15
Hour (GMT)
Figure 7:1 Typical curves for spring and neap tidal water level changes at Southampton showing
the double high waters and the increased distortion at spring tides. (From data supplied by British
Transport Docks Board, Southampton.)
In some shallow-water areas, the distortion takes the form of a double high
water or a double low water (Doodson and Warburg, 1941). Figure 7:1 shows
perhaps the best known example of this, the tidal variations at Southampton on
the south coast of England. During spring tides, following low water the water
level rises, but there is then a slackening of the tidal stream and a water level
stand for a further two hours before the final rapid rise to high water, over the
next three hours. The slackening effect is known locally as the 'young flood
stand'. The flood and the double high water last approximately nine hours,
leaving only 3 hours for the tidal ebb, which is therefore associated with very
strong ebb currents. Explanations of the double high water in terms of the
travel of two separate M2 progressive waves around the Isle of Wight are
wrong: Newton was among the earliest to point out that, from basic trigon-
ometry, adding two harmonic waves which have the same period but different
phases produces a single combined wave of the same period and of intermediate
phase. No extra maxima or minima are created by this superposition. Obser-
vations at other places along the coast of the English Channel show that the235
during neap tides when the semidiurnal amplitude at Courtown becomes very
small. At Southampton neither M4 nor M6 is large enough on its own to
produce the double high waters: rather, it is a combination of several shallow-
water harmonic terms which represent the observed distortions.
In many cases it is possible to draw cotidal and coamplitude charts for the
shallow-water constituents. For the sea around Britain the M4 amplitude is
comparable with the amplitude of the diurnal constituents, in the range 0.05-
0.15 m. The amplitude of M6 is smaller, rarely exceeding 0.10 m except in the
vicinity of Southampton Water and the Isle of Wight where it reaches 0.20 m.
Higher harmonics than M4 are only significant in estuaries and restricted local
areas.
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Figure 7:3 A chart of M4 for the seas around the British Isles. There is insufficient data to draw
full cotidal and coamplitude lines north of 53° N; the arrows show the progression of the phases
a'ong the coast. (From Howarth and Pugh, 1983). (Reproduced by permission of Elsevier.)247
Like momentum and energy, vorticity is a physical quantity which is conserved
for any water mass in the absence of external forces. To illustrate the
significance of vorticity, consider a uniform current flowing parallel to the coast
(Figure 7:8(a)) which encounters a headland. The currents near the end of the
headland will be much stronger than those further offshore, and will be
opposed by a much stronger frictional resistance as a consequence, particularly
if the water shallows near shore. This increased friction imparts an anticlock-
wise vorticity to the current and this vorticity is then advected with the water to
the bay behind the headland. Further away from the headland the parallel flow
is probably re-established, but in the bay an anticlockwise eddy will persist for
a large part of the tidal cycle. Similarly when the tide turns (Figure 7:8(b)) a
clockwise eddy will be established by the reversed currents in the bay on the
other side of the headland because of the clockwise vorticity imparted to the
water as it again passes the headland. Averaged over a tidal cycle there is a net
clockwise flow in the bay to the west of the headland, and a net anticlockwise
flow in the bay to the east (Mardell and Pingree, 1981). Observations of
currents around Portland Bill in the English Channel (Figure 7:9) show this
pattern of residual flows along the coast towards the tip of the promontory on
both sides. This kind of persistent coastal residual has important implications
for the design and location of sewage discharge systems, radioactive or other
waste disposal, and as we discuss in section 10:3, for the movement of coastal
sediment.
(a)
(b)
Reversing tidal
streams
(c)
Figure 7:8 Eddies produced by headlands and islands which impede tidal currents: (a) residual
eddy generated by a headland, (b) the corresponding eddy generated when the stream reverses,
(c) the pattern of four eddies generated by an island in a tidal stream.250
amplitude (Appendix 4) and proportional to the width of the wavefront. If
energy is being transmitted at a constant rate to an area of dissipation, as in the
upper reaches of an estuary, then a reduction of the width of the wavefront
must result in an increase in the wave amplitude:
1
width
Of course, this relationship will not hold strictly because energy dissipation is
not confined to the upper reaches, and will occur to some extent along the
whole length of an estuary.
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Figure 7:11 (a) The lower reaches of the River Severn showing the region where the bore
develops. The figures in brackets are the approximate arrival times of the bore in minutes after high
water at Avonmouth. (b) Profile of a tide of 9 m on the Sharpness gauge, showing the ebb and flow
situation as the bore is approaching Gloucester. (From Rowbotham, 1983; Copyright © F. W.
Rowbotham) (c) A historic view of the bore as it approaches Gloucester, September, 1921. (From
Rowbotham, 1983. Copyright © F. W. Rowbotham.) (d) The bore on Turnagain Arm, off Cook
Inlet, Alaska, 21 August 1986. (Photograph by J. Eric Jones.)257
Southend by 0.5 m, which is highly significant for the design of coastal defences
against flooding (Pugh and Vassie, 1980).
The flood-warning system which alerts authorities to imminent flooding must
allow for the tide-surge interaction. To do so, the numerical model on which
forecasts are based must include both the tides and observed surges as driving
inputs. If the model were driven by surges alone the forecast levels would be
wrong. Numerical models have been used to investigate the processes respon-
sible for this interaction, and in the case of the southern North Sea they show
that the primary factor is the bottom friction, which increases as the square of
the current speed. This factor is dominant in the southern North Sea because of
the strong currents.
There are several different ways of presenting the tide and surge statistics to
represent the interaction. Figure 7:13 shows one example, where surge ampli-
tudes are plotted against tidal phase. An alternative way of presenting the data
is to calculate the standard deviation of the surges for different tidal levels; at
Southend the standard deviation of the surges at mid-tide is 0.27 m compared
with values of 0.19 m and 0.18 m at mean high-water and mean low-water
spring tidal levels. Another form of presentation which is adequate for a first
scrutiny of data is to plot each observed surge level against the corresponding
tidal level: any variation of the surge distribution with the tidal height is an
indication of interaction.
In Section 4:6, we discussed the variability from month to month of the tidal
constituents, and showed that there is usually a consistent regional pattern in
these variations. Shallow-water interactions between tides and surges are likely
to be responsible for these irregular variations, as a result of more energy being
lost from tides and surges travelling together, than would be lost if they were
travelling separately (Amin, 1982). There is a seasonal modulation of the M2
constituent amplitude which varies between 1 and 2 per cent in the North Sea
(Pugh and Vassie, 1976). Part of these modulations is directly due to astrono-
mical effects such as the influence of the sun on the lunar orbit, but the rest of
the variability is probably due to tide-surge interaction. Because surges are
bigger in winter, the winter amplitudes of M2 should be less than the
amplitudes obtained by analysis of data collected during the quieter summer
months, and the observations are consistent with this expected behaviour.
7:9 Energy budgets
The energy lost by the tides through bottom friction in shallow water is
converted to turbulence, and eventually generates a small amount of heat. The
original source of this energy is the dynamics of the earth-moon system and,
over geological time, gradual but fundamental changes have occurred in the
system because of these steady losses of energy (Goldreich, 1972; Brosche and
Sundermann, 1982; Webb, 1982a, 1982b).263
for example, the earth's rotation speeded up during the first decade of this
century. These decadal fluctuations are thought to be due to processes in the
earth's fluid core.
Returning to Figure 7:14, the loss of energy from the moon-earth system,
represented by Ej, may be calculated in several different ways. These include
calculations based on the change in the length of the day and analyses of
ancient eclipse data, which both give values of 4000 Gw, with an uncertainty of
about 10 per cent (Lambeck, 1980). Another independent way of calculating
the energy input to the oceans is based on the work done against Equilibrium
Tidal forces by movements of the sea surface, making due allowance for the
effects of earth tides. Yet another method uses the tidal torque, given by the lag
of the observed average tidal bulges in the oceans with respect to the Equilib-
rium Tide. These direct calculations of the work done by the moon on the tides,
E1? give 3200 Gw for M2 and 4000 Gw for the sum of all tidal constituents.
These concordant estimates of Ex are considerably in excess of the value of
1700 Gw for E2 calculated by adding together all the estimated fluxes of energy
to the individual shelf seas from the oceans (Miller, 1966; Cartwright, 1978).
Estimates of E3, based on numerical models of individual shelf seas give similar
indications of low total dissipation due to tidal friction.
This discrepancy between the energy inputs calculated from the astronomical
and global observations, and the much lower rate of identified dissipation in
shallow seas has led to a search for other possible mechanisms for tidal energy
losses. Frictional losses due to flow around ocean coral reefs, the inelastic
flexing of grounded ice floes (Doake, 1978), and inelastic earth tide responses
have all been considered in detail. However, none of these could be responsible
for losses of sufficient magnitude to explain the difference. It is possible that
energy losses due to internal tidal motions have been significantly underesti-
mated. Also, the estimates of fluxes from the oceans onto continental shelves
may be greater than estimated, because they are based on only limited data.
For example, the energy fluxes onto the Argentine Shelf have been estimated
on the basis of only two measurements of currents. Nevertheless, the difference
between the astronomical energy inputs and the computed energy losses
remains as a challenge to both experimental and theoretical tidal scientists.
The rate of energy loss from the tides may be related to the total tidal energy,
both potential and kinetic, possessed at any particular time by the oceans. The
total energy for the M2 constituent has been estimated at 7 x 10
1
7 Joules.
Compared with the rate at which the moon does work on the M2 tide,
3200 Gw, the average ocean tidal energy is replaced in 7 x 10
17/3.2 x 10
1
2
seconds = 60 hours. In the next chapter we will discuss the generation of
electrical energy by tidal power installations. Compared with such rates of
global dissipation, the additional energy losses due to these artificial schemes
are negligible.
A further interesting comparison may be made between the rates of tidal
dissipation (Ej = 4000 Gw), global energy loss due to earthquakes (300 Gw),
geothermal energy losses (30000Gw) and average solar energy inputs
(1.7 x 10
8Gw).276
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Figure 8:5 Probabilities of observed sea levels exceeding high levels or falling below low levels at
Newlyn, based on 18 years of data (1951-1969), from joint-probability distributions.
The principal advantages of the joint tide-surge probability approach may
be summarized:
(a) Stable values are obtained from the relatively short periods of data. Even
a single year can yield useful results, but four years is a desirable minimum
(Pugh and Vassie, 1980). Using the annual maxima method perhaps 25
years of data are normally required.
(b) There is no waste of data.
(c) The probabilities are not based on extrapolation.
(d) Estimates of low-water level probabilities are also produced.
(e) Separate changes in the physical factors which affect levels may be
identified and incorporated. For example, projected changes in the tidal
regime due to a proposed barrage construction may be incorporated by
adjusting the tidal probability distribution. Trends in weather patterns
may be identified and incorporated by using variable surge probability
statistics.
(f) Projected changes in mean sea-level may be incorporated by simple
addition.
Compared with the technique of ranking annual maxima there are some
disadvantages:
(a) Data must be of a higher quality, with timing accuracy to better than a
few minutes; if not, tidal variations will appear as residuals (see Figure
2:14).285
Alcock, 1984; Alcock and Carter, 1985). Neither winds nor waves can be
considered in detail in this account but there are many books which treat them
in depth (for example, Kinsman, 1965). Traditional design practice has been to
estimate the probabilities of extreme winds, waves, currents and levels indepen-
dently, and to add these extreme values, assuming they occur simultaneously,
to obtain the extreme environmental design conditions. This assumes that they
are statistically totally correlated, which is not the case as we have already
discussed for joint probability distributions of tides and surges. Inevitably the
traditional assumptions must result in some over-design. However, the assump-
tion of total independence of the parameters is also invalid, as the following
chart shows.
METEOROLOGY— winds
air pressure
-WIND
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- surges
GRAVITATIONAL •
TIDES
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CURRENTS
LEVELS
There are two basic factors which govern changes in the marine environ-
ment, the weather and the gravitational tides, and these are independent of
each other. The wind stresses on the sea surface produce waves, currents and
changes of sea-level. The surges combine with the tidal movements to produce
the total observed currents and levels. Clearly winds, waves, currents and levels
at each site are related, but the statistical correlations, particularly when the
directions of the winds, waves and currents are considered, will be different for
each site, and can only be determined by long series of simultaneous measure-
ments of each parameter. The problem is further complicated by the strong
seasonal variations which occur for winds, waves and surges, and to a lesser
extent for tides.
The lack of suitable measurements makes the estimation of extreme wind
speeds at sea difficult. Estimates are possible by extrapolating the many years of
continuous recording at land stations in conjunction with the irregular obser-
vations from ships at sea. These ship measurements are not usually very287
increase when travelling over the shallow waters of the continental shelf (see
Section 5:4:1). Even more significant for calculating forces on structures, the
wave steepness and the associated accelerations are increased.
Levels and currents may be statistically coupled because of dynamically
coupling by the laws of long-wave propagation. Where the wave is progressive,
maximum forward currents occur at maximum water level, but for standing
waves the maximum currents occur near the times of mean sea-level. External
surge components propagate as long waves, but locally generated surges will
obey different laws. Interactions between tides and surges in shallow water have
been discussed in Section 7:8.
The statistical relationships between extreme levels and extreme waves are
critical for the design of coastal protection schemes, and can vary over short
distances. An example of such a local variation is found in the outer reaches of
the Thames Estuary. Extreme still-water levels are generated by the addition of
external North Sea surges to high tidal levels. However, the strong winds from
the north associated with external North Sea surges produce large waves only
on the Kent coast to the south of the estuary, and not on the Essex coast at
Maplin to the north of the estuary. Defences designed for simultaneous extreme
wave and still-water level conditions would be appropriate for the former case,
but would be excessive for the northern coast.
The use made by the design engineer of these various statistics in deciding a
suitable protection level requires some compromises, and is not the same in
every case. As an example of the balance of factors, consider the design level for
the Thames Barrier, which was finally set at 7.11 m (23.33 ft) above Ordnance
Datum Newlyn. This figure was taken as a compromise between an inadequate
short-term solution to the flooding problem and a very high standard of
protection which would be effective until the end of the 21st century (Gilbert
and Horner, 1984). Allowing for mean sea-level increases to 2030, on a 1000-
year return flood level at Southend, 1.50 m (4.93 ft) was allowed for wind and
wave freeboard, and for level increases up the River Thames due to local winds
and river discharge.
8:5 Coastal engineering
The two principal fields of coastal engineering involve coastal protection
against erosion and flooding, and the development of harbour facilities.
Specialized publications deal with many aspects of their design and construc-
tion (Dronkers, 1964; Wiegel, 1964; Silvester, 1974; Berkeley Thorn and
Roberts, 1981; Muir Wood and Flemming, 1981). Here it will be possible to
consider only those aspects which are strongly affected by tidally-related sea
conditions. Some further aspects of coastal erosion and deposition are dis-
cussed in Chapter 10.
The basic problem of coastal protection from flooding could ideally be
solved over periods of several hundreds of years by the construction of suitable288
continuous sea-walls. In practice of course this would be prohibitively expens-
ive, so only those schemes which protect highly populated areas such as low-
lying estuaries (Homer, 1985), vulnerable installations such as nuclear power
stations, or those containing valuable property are justified in terms of their
cost. Strict cost-benefit analyses may be applied, but other political arguments
are also involved in the final decisions. Agricultural land of no special value is
unlikely to be given protection. Protection against the sea-level changes which
occur over periods of thousands of years is impossible and the correct approach
must be one of slow adjustment, for example the gradual migration of
residential and industrial areas to higher land. The need for this kind of gradual
adjustment was recognized in the United States by establishing the National
Flood Insurance Program by Federal legislation in 1968; incentives are given to
local communities to prohibit new construction within defined flood zones.
Extensive flooding results when the still-water level exceeds the top of the
defence structure, but before this level is reached there may be considerable
flooding from overtopping by waves. Several different designs of wall have been
built, each intended to minimize wave overtopping. The modern trend is for
gradually sloping defences which progressively remove the energy of the
incoming waves, rather than for vertical walls which give perfect wave reflec-
tion. Unfortunate experiences have shown that these reflected waves can
interact with other incoming waves to give enhanced beach scour, lower beach
levels, and eventual undercutting of the foundations of the defence walls
themselves. Incidentally, the cost of a defence wall grows more rapidly than a
simple linear increase with increases of design height: the width of the footings
must also be increased in proportion to the height, so that in terms of material
alone the increase is more closely proportional to the square of the height.
An interesting application of the joint probability of still-water levels and
waves recommends that instead of designing defence walls to prevent overtop-
ping by some specified 'design storm' conditions of still-water level and wave
height, engineers should work with the concept of 'design overtopping dis-
charge' (Owen, 1983). The reason for this emphasis on the rate of water
discharge over a wall is the recognition that the ultimate test of effectiveness of
a sea-wall is the amount of water which overtops, and the frequency with which
this occurs. For each given wall design, the factors which govern overtopping at
each instant are the still-water level, the significant wave height, the wave
period and the wave direction relative to the sea-wall. The overtopping
discharge for all possible combinations of these parameters must be determined
either by experiment or by calculation, and these define the characteristics of
that particular design. The characteristics of the site at which protection is
required must be defined in terms of the probability of occurrence of each
combination of sea-level and wave conditions. The total probability of overtop-
ping discharges exceeding some specified value is given by summing the
probability of all these joint sea-level/wave conditions which individually
exceed that value. Curves may be drawn giving the probabilities as a function
of the discharge rates. Where the wall design incorporates features such as a289
wave return wall, which tend to throw water into the air, overtopping discharge
rates are much greater when the wind blows onshore. In this case, detailed
calculations should also include winds in the total matrix of environmental
conditions. Although characteristics of different wall designs can be adequately
defined, the major environmental problem with this approach is to obtain a
reliable estimate of the probability of occurrence of all possible combinations
of water level and wave conditions.
Tidal rivers and inlets give risk of flooding over large areas, and protection
against this flooding along the whole length of either bank can be very
expensive. For London the problem has been solved at great expense by
building the Thames Barrier, which closes only at times of forecast extreme
levels in the southern North Sea (see Section 6:10). Along the coast of the
Netherlands the solution has been to close off many inlets by completely
damming their entrances (Delta Committee, 1962; Leentvaar and Nijboer,
1986). Because these dams take many months or years to build, water exchange
between the sea and the inlet continues throughout the construction. Only at
the final stages is the gap sufficiently narrow to restrict the exchange and at this
time there are special construction problems. As the gap continues to reduce,
large differences in level occur between the sea and the inlet, which in turn
result in very strong currents of several metres per second through the
remaining small connection. Special procedures must be applied during this
critical closure stage to avoid severe erosion of the defences already built: Two
basically different methods are used: the abrupt closing method using prefabri-
cated caissons which are emplaced during a single short period of slack water,
and the gradual closing method whereby the last broad length of dam is built
upwards gradually, keeping the crest of the dam nearly horizontal to avoid
strong currents and erosion along any particular section (Dronkers, 1964).
Despite the risks of flooding and the costs of protection, several economic
benefits are also possible by exploiting the coastal tidal regime. Most of the
great ports of the world are situated near the mouths of large rivers and many
are a considerable distance inland. London, on the River Thames, and
Hamburg, on the River Elbe, are good examples of inland ports. The fact that
these ports are only accessible at tidal high water has not been a major
disadvantage, and the possibility of marine transport to sites well inland
encouraged vigorous industrial development. By travelling inland on a flooding
tide and out on an ebbing tide, ships could make considerable savings of fuel
and time. The reduced costs, and the feasibility of building harbour walls and
docks at sites which are essentially dry for half of the tidal cycle are additional
advantages. There are problems associated with the maintenance of navigable
channels up rivers and estuaries, but again the vigorous tidal currents serve to
keep channels deep. The tidal flows can also prevent harbours freezing during
winter, for example in New York, both by their mixing action and by the
introduction of salt water which lowers the freezing point. Pollution, inevitably
associated with large industrial developments and centres of population, is also
more readily diluted and discharged to sea where there are large regularNavigation
lock
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The demands for power are closely linked to the 24-hour diurnal cycle, with
weekly and strong annual cycles superimposed. The availability of tidal power
from simple schemes is regulated by the phase of the M2 tide, and is at its
maximum at a time which advances by 52 minutes each day. Unlike available
wave power, which reaches a maximum during the winter months, coinciding
with the maximum seasonal demand, tidal power has its greatest variation over
the spring-neap cycle. Because the available power varies as the square of the
tidal range, the variation of available power between spring and neap tides may
be a factor of ten. The mismatch between supply and demand has led to the
development of several schemes which sacrifice optimum total power gener-
ation in favour of a more controlled supply. Power which is available to meet
demand in this way is called 'firm power'.
Many of the original tidal mills used two or more ponds to store water and to
control the water-level difference being used to generate the power. Even for the
simple single-pool ebb-flow system it is impossible to make use of the total
theoretical energy capacity. Straight-flow turbines which have been designed to
operate most efficiently with water heads of several metres are less efficient at
very low water heads; for these lower water speeds, larger rates of discharge are
necessary to give the same power. The simplest way to achieve more direct
control over the available power is to operate with two basins, one filled when
high-water conditions allow, and the other drained at low tide. Turbines, which
are sited between the two basins only need operate for one direction of flow,
which makes them cheaper, but less than half of the theoretical energy is then
available. These schemes are usually expensive because of the need for two sets
of sluices to control the flow of water between the basins and the sea, and
because of the additional barrage construction necessary for separate basins.
Some further control is possible by using off-peak power from the sources to
adjust the levels in either the high or low basin.
Despite several ingenious designs for tidal power schemes, the timing of the
tide makes them basically inferior to other schemes for firm power production.
However, if they can be used principally as energy producers in conjunction
with a separate energy storage scheme, their capacity can be maximized. The
normal method for retiming the energy supply is hydroelectric storage, and
such storage systems are part of most national electricity networks; careful
programming is necessary to fit the periodic tidal generation of energy into the
overall system which includes other sources, such as nuclear and coal-fired
stations that have different requirements for efficient operation. Energy from
La Ranee is now integrated into the French network by manipulation of hydro-
storage on the River Rhone. A more exotic proposal is for energy storage in the
form of compressed air in airtight underground caverns, with power generation
by gas turbines at times of peak demand. For tidal schemes in the Bay of Fundy
it has been suggested that these caverns could be excavated within extensive
thick local underground salt deposits by solution-mining.
Any scheme which removes energy from the tides must also have an effect on
their behaviour. Since the most favourable sites are those where large tidal299
amplitudes are generated by local dynamic resonances, they are particularly
vulnerable to imposed changes. The only satisfactory way to predict the effects
of a proposed scheme on the local tides is to apply a numerical model with its
outer boundaries well removed from the area of the scheme. The effects of
several different schemes proposed for the Bristol Channel have been predicted
by models which take the western edge of the continental shelf as their
boundary. These schemes were all shown to have a tendency to reduce the tidal
ranges by 10 per cent or more in the vicinity of the barrage. However, at the
entrance to the Bristol Channel the effects on the tides were limited to an
amplitude reduction of 1 per cent or less, and an advance in the tidal phase by a
few minutes.
The addition of a tidal power scheme to a natural tidal system oscillating
near resonance need not automatically reduce the tidal range. Tidal resonance
usually occurs when a basin has a length which is a quarter of a semidiurnal
tidal wavelength (Section 5:2:2). If the natural length is slightly longer than this
critical length, then it is quite probable that the introduction of a barrier near
the head may tune the estuary closer to the resonant condition. It has been
suggested that both Cook Inlet in Alaska and the Gulf of Maine, Bay of Fundy
systems could be tuned this way.
Despite the long and detailed studies which have been made for several
schemes at many potential sites favoured by large tidal ranges, only a few
schemes, including those at La Ranee and Annapolis, Nova Scotia, have
become operational. The reasons for this reluctance for a more enthusiastic
commitment by governments and power-generating authorities are not difficult
to identify. Firstly, even the most ambitious schemes for an area such as the
Bristol Channel could supply only perhaps 10 per cent of the power require-
ments of the United Kingdom, so the contribution can only be marginal to that
of other sources such as nuclear or conventional coal stations. The price for this
marginal contribution is a substantial capital investment coupled with major
changes to the environment, the consequences of which cannot be predicted
with certainty. Practical lessons learned in the development of the smaller
schemes may eventually lead to a major project such as those in the Bristol
Channel or the Minas Basin.
Opponents of schemes to extract power from the tides have used many
arguments, both economical and environmental to support their case. Perhaps
the least valid of these arguments is the suggestion that by extracting power
from the tides, we would fundamentally change the dynamics of the earth-
moon system and of the earth's rotation on its axis. Table 8:7 shows that even
the most ambitious scheme, in the Minas Basin, could never extract more than
a few tenths of a percent of the energy that is dissipated naturally by the lunar
semidiurnal tides through bottom friction and other natural processes.Newlyn
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Figure 9:4 Amplitudes and phases of the annual variations of sea-level in the Pacific Ocean. (From Wyrtki and Leslie, 1980.)Table 9:1 Results of fitting a model: trend + annual cycle + semi-annual cycle to the monthly mean sea-level data plotted in Figure 9:2.
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popular press seize on these short-period trends, extrapolate them for a century
or longer, and predict devastating consequences.
The problem of extrapolating short-period trends may be illustrated by an
example. Figure 9:7 shows the annual uncorrected sea levels at Newlyn with
trends fitted through successive 10-year blocks from 1916 onwards, and from
1921 onwards (Pugh and Faull, 1983). For three of the blocks sequenced from
1916 the trends are downwards, while the overall trend is still clearly a gradual
increase in sea-level. Better estimates of trends can be made if the meteorologi-
cal effects are first removed by statistically fitting a model. The lower trace
shows the more regular result obtained by making just a simple direct 'inverted
barometer' correction for the annual mean atmospheric pressure. Thompson
(1986) has shown a further marked reduction in the Newlyn interannual sea-
level variations by separating and removing the combined influence of local
winds and air pressure. The trends fitted to the total periods of data available
for the sites plotted in Figure 9:6 are given in Table 9:2. They confirm that the
trend varied from a maximum upward rate at Halifax to a downward rate of
change at Sitka. The 1940-1980 trends which are also given for comparison
show that there has been no recent general increase or decrease in these local
trends, a conclusion which is confirmed by the statistical fitting of more
elaborate curves such as polynomials to the data. In almost every case the
improved fits to the trends obtained by curves which allow rates to change with
time, are not statistically significant.
Returning to Table 9:1, the 10-year trends over the 1970-1979 period are
seen to be sometimes very different from the long-term trends given in Table 9:2
for the same site. Sydney and Honolulu have slight negative trends for the
1970-1979 period. If the values of upward trend at Newlyn and Brest were
extrapolated over a century the increase would be around 0.5 m, whereas on the
basis of previous evidence, the lower long-term trend is the more likely to
prevail (but see Section 11:7).
Table 9:2 Fits of linear trends to long series of annual mean sea levels (Figure 9:6); the
estimated rates of sea-level rise are given in mm per year. Standard errors are given in
parentheses.
Sitka (Alaska)
Newlyn
Brest
Halifax, Nova Scotia
San Francisco
Honolulu
Bombay
Sydney
Latitude
57°03'N
50° 06' N
48° 23' N
44° 40' N
37° 48' N
21°19'N
18°55'N
33°51'S
Period
1939-1979
1916-1980
1807-1981
1897-1980
1854-1979
1905-1980
1878-1978
1897-1981
Total
years
41
65
141
62
127
76
101
85
Trend
Complete
series
-2.5(0.4)
1.7(0.2)
0.9(0.1)
3.7(0.1)
3.8(1.5)
1.6(0.2)
1.0(0.1)
0.7(0.1)
(s.e.)
1940-end
-2.6(0.3)
1.5(0.4)
0.0(0.5)
3.2(0.3)
1.5(0.4)
0.8(0.4)
-1.0(0.4)
2.0(0.3)329
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Figure 9:10 Time series of monthly anomalies of sea-level along the east Pacific coast of America
from 1950 to 1974. Positive anomalies are shaded black (Enfield and Allen, 1980).
The coastal sea-level variations from the long-term mean, associated with El
Nino are not restricted to the coast of Peru. Figure 9:10 shows the monthly
mean sea-level anomalies along the whole of the eastern Pacific coast from
Valparaiso (33° S) in Chile to Yakutat (60° N) Alaska, over the period from331
standard practice for each country or group of countries to evaluate mean sea-
level for a selected tide gauge and to relate the datum of all future levelling to
this particular plane. We now know that permanent gradients on the sea
surface due to currents, density changes, atmospheric pressure and winds cause
the mean level to vary from the undisturbed geoid level by more than a metre
(Figure 9:8). Nevertheless, the original concept of mean sea-level being used to
define the geoid was very farsighted and has stood for a long time as a close
approximation to the reality of the original concept.
Mean sea-level can only be measured and related to land levels along the
coast, but the geoid is conceived as a continuous completely closed surface.
Under the continents the geoid can be thought of as equivalent to the water
surface which would exist on narrow sea-level canals cut through the land
masses.
To determine a true mean sea-level, measurements must be made over long
periods of time in order to average tidal variations. However, no matter how
long a period of data is averaged, as Figures 9:2 and 9:6 show, the ideal true
mean sea-level is unattainable because changes are taking place over short and
long time scales. In Britain the first primary network of levelling was made
between 1840 and 1860, to a datum which was supposed to approximate mean
sea-level at Liverpool (Doodson and Warburg, 1941). The sea levels were
measured from 7 to 16 March 1844, so the approximation must have been very
crude. For the national relevelling which began in 1912, three gauges were
established, one at Dunbar in Scotland, one at Felixstowe on the east coast,
and one at Newlyn in the extreme southwest. Separate sea-level determinations
at these three gauges were supposed to give some control over the adjustments
of the levelling network. When the survey was complete, the differences
between the land levelling and the mean sea levels were found to be larger than
the supposed errors within the levelling itself (Close, 1922). After careful
consideration, the British Ordnance Survey decided to relate all levels to the
mean sea-level at Newlyn, where distortions due to local shelf oceanographic
effects should be smallest, and asserted that the 0.25 m higher sea-level
apparent at Dunbar was a genuine sea-level difference. Hourly levels from
1 May 1915 to 30 April 1921 were averaged and Ordnance Datum defined as
9.412 m above Observatory Zero which in turn was defined as 25 feet below a
specially constructed Fundamental Bench-mark. The Newlyn records which
have been maintained continuously since 1915 now constitute an invaluable
data set for studies of sea-level and tidal trends. The recent mean levels are
some 0.10 m above the original mean level, and Figure 9:6 shows that the
Newlyn gauge was established during a period when sea levels at Brest and at
Newlyn were recovering from levels which were below the long-term upward
trend.
Surveys of the United States showed consistently higher mean sea levels on
the Pacific coast than on the Atlantic coast, and also a gradual apparent rise of
sea-level to the north. The difference between Pacific and Atlantic levels was
due at least in part to real oceanographic differences (Reid, 1961; and Figure
9:8). The survey authority took a different view to the British Ordnance Survey:332
it seemed desirable for the zero of the geodetic levelling network to coincide
with local mean sea-level, where both quantities were known. A general
adjustment was made in 1929, in which it was assumed that mean sea-level at 26
selected tide gauge sites in the United States and Canada coincided with a 'true'
geoid. This datum is known as the 'Sea Level Datum of 1929'. The various
mean sea levels were determined at different times between 1853 and 1928 over
periods sometimes as short as two months, although for most sites the
recording time extended over at least a year. Unfortunately, the oceanographic
variability such as that shown in Figures 9:2, 9:6 and 9:8 will have been
embedded into this adjusted levelling network. Before adjustment, relative to
the mean sea-level at Galveston, Texas, the maximum apparent mean sea-level
excursions were +0.59 m at Fort Stevens, Oregon and —0.28 m at Old Point
Comfort, Virginia. The 1929 Datum is to be replaced shortly (Zilkoski, 1985)
by a new adjustment termed NAVD 88. Similarly, the Great Trigonometrical
Survey of India in the late nineteenth century assumed all mean sea-level
differences were due to errors in the levelling and adjusted the heights of the
intermediate points accordingly (Eccles, 1901).
The levelling networks of several European countries from Spain and
Portugal to Norway have been related to a common datum, Normal Amster-
dam Peil (NAP), under the auspices of the International Association for
Geodesy. The possibility of providing closure checks on the combined network
by comparing mean sea-levels at several coastal stations has occasionally
stimulated new work to estimate the gradients of the sea-level surface on the
north-west European continental shelf.
The idea of correcting the real sea surface for oceanographic and meteoro-
logical effects, to obtain a 'true' geoid level is called oceanographic or
hydrodynamic levelling. Applying these techniques to the Atlantic Ocean and
to the shelf seas of northwest Europe shows that there is a decrease of mean air
pressure to the north of approximately 0.4 mb per 100 km, equivalent to a
0.04 m increase in adjusted sea between Newlyn and the north of Scotland.
However, the main effect is a raising of levels from west to east due to the winds
associated with these mean atmospheric pressure gradients. Average wind and
air pressure conditions were shown to lower Newlyn levels by 0.04 m while
levels in the northern Baltic Sea were increased by up to 0.20 m. Hydrodynamic
levelling has also been applied to the problem of datum transfer between
Europe and Britain by careful analysis of the mean sea levels across that Strait
of Dover between Ramsgate and Dunkerque (Cartwright and Crease, 1963).
The computed higher level at Dunkerque, 0.079 m above the mean level at
Ramsgate was largely due (0.055 m) to the geostrophic slope associated with a
mean northward current through the Dover Strait, from the Channel into the
North Sea. The remaining small adjustments accounted for the effects of the
mean wind, for air pressure and for the local rotation of the mean currents.
Adjusting the mean levels on the two coasts for this slope places Ordnance
Datum Newlyn at 0.196 m below the 'Zero officiel du Nivellement General de
la France' (NGF). This is consistent with an expected downward slope on the
mean ocean surface relative to the geoid between Marseille, where NGF was334
placed San Diego mean sea levels at 0.6 m below San Francisco mean levels, an
upward northern slope over a horizontal separation of 1000 km. Subsequent
levellings reduced this slope and the levelling of 1977-8 actually placed San
Diego mean sea levels at 0.15 m above San Francisco levels. During these
repeated revisions of the levels, neither the tide gauge at San Diego nor that at
San Francisco showed any sign of dramatic eperiogenic movements, which
suggests that each separate geodetic levelling must contain individual system-
atic errors (Balazs and Douglas, 1979).
Possible sources of errors in geodetic levelling are beyond the scope of this
discussion: the oceanographer's experimental expertise extends no further
inland than the Tide Gauge Bench-mark. However, there is one levelling
adjustment which relates directly to oceanography, the vertical land move-
ments due to tidal forcing. There are two contributing factors. The earth's body
tide response to direct gravitational forcing of the moon and sun may be
calculated directly by adjusting the Equilibrium Tide for the diurnal and
semidiurnal elastic yielding of the Earth using the appropriate Love numbers. It
has maximum amplitudes of a few tens of centimetres but the errors introduced
into the levelling are much less. For spring tides in British latitudes, the
maximum error is less than 0.02 mm per km of levelling. The second effect is the
tilting of the land under direct loading of the ocean tides. The effect is largest
near the coast where the geodetic leveller approaches the Tide Gauge Bench-
mark, but even without the advantage of random cancelling over the time of
the survey, the maximum error is unlikely to exceed 5 mm in the 5 km nearest to
the coast, and is totally negligible elsewhere. For the most precise geodetic
connections to Tide Gauge Bench-marks it is possible either to correct for the
loading or to programme the forward and backward traverses of each section
so that the tilts due to tidal loading cancel.
The dichotomy between oceanographic and geodetic land levelling will
eventually be resolved by applying other independent techniques such as level
measurements by satellite altimetry and the Global Positioning System. To do
this, the accuracy must be better than a few centimetres over several thousand
kilometres. If the systematic errors are found to be an inherent part of the
geodetic land levelling, the measured sea levels, corrected for oceanographic
effects by applying suitable numerical models which can allow for local details,
may be the best available representation of the geoid.
At present geodetic and oceanographic levellings agree to better than a
metre, but it has not always been so. When Napoleon Bonaparte planned to
build a canal to join the Red Sea to the Mediterranean in 1798 he made a
personal tour to inspect the isthmus of Suez before appointing an engineer, Le
Pere, to carry out detailed surveys, but Le Pere reported that the construction
of a Suez Canal could lead to disaster because the levels in the Red Sea were
some 10 m higher than in the Mediterranean. We now know from modern
surveys, that annual mean levels at Port Thewfik at the southern entrance to the
modern Suez Canal are only 0.15 m higher than those at Port Said in the north.348
flocculation of river clays because of the sudden increase of salinity. The actual
salinity value in the region of the null point is less than 1 ppt in partially mixed
estuaries, but higher salinities are found where the mixing is vigorous. In the
Thames Estuary the salinity at the null point is nearer to 10 ppt.
Turbidity
maximum . .
point
—S Residual flows
Figure 10:6 Circulation patterns in a partially mixed estuary, showing the formation of a null
point turbidity maximum, and on-shore bottom flow.
The null point and the turbidity maximum are unsteady features which
change on semidiurnal, fortnightly and seasonal time scales. Within a tidal
cycle, in the Columbia River Estuary on the Pacific Coast of the USA (mean
range 2 m), the turbidity maximum may move up and down river by 20 km
(Gelfenbaum, 1983). During neap tides the turbidity maximum decreases in
concentration, whereas at the time of spring tides it regenerates. Seasonal
increases of freshwater discharge from the river cause higher levels of turbidity
and the turbidity maximum is pushed downstream. Similar patterns are
observed in other estuaries which have large tidal ranges. The spring-neap
variations are even more important in the estuaries of the northern European
shelf, where semidiurnal tidal ranges are higher. As an example, the Gironde
estuary changes from a well-mixed state during spring tides to a partially mixed
or even well-stratified state during neap tides. An additional factor which
influences sediment discharge to the sea is the fortnightly residual circulation
due to a build-up of levels at spring tides and the subsequent discharge as the
range decreases (see Section 7:7). In the River Amazon the river discharge is so
strong that the mud deposition takes place outside the estuary in the coastal
zone, from where it moves westward along the coast of Venezuela.
Within the Severn Estuary, strong cross-channel gradients of sediment
concentration are observed, showing that the process of sediment movement is
essentially three-dimensional (Kirby and Parker, 1982). Strongest gradients are
observed on the ebb currents associated with spring tides, when the suspended
load is mixed throughout the water column. These fronts between waters of
different suspended sediment concentrations persist throughout the spring-
neap cycle in approximately the same geographical positions although they are
less sharply defined during the neap tides. The mechanism for their develop-
ment is not fully understood, and it is surprising that they are not associated350
siltation. Alongside the walls the currents are weak, and there is no wave
activity to encourage erosion, so that frequent dredging is necessary. Secondary
flows associated with eddies near harbour entrances form unstable mud-banks
which are particularly hazardous for navigation. Even if a fully protected
harbour is not necessary, the drag of the pile structures alongside loading and
unloading jetties also reduces bottom turbulence, and siltation develops.
The normal pattern of sediment flux in an extensive estuary is an inward
movement along the flood channels and an outward movement along the ebb
channels. At low water a system of ebb channels is seen traversing the foreshore
and over several years the locations of these channels oscillate about an average
position: if an ebb channel moves too far from the average position, a new
channel will form and the old one will be filled in gradually.
Coastal engineers in the last century introduced the practice of stabilizing
these channels by building training walls on either side, so that the ebb flow was
concentrated between them. These training walls are flooded as the tide rises
(but clearly marked for navigation!), and better port access results. However,
there are secondary effects, not all of which are beneficial. As silt and fine sand
enter the estuary on the flood tide, they accumulate permanently behind the
walls because meandering channel erosion has stopped. The tidal prism is
reduced, and eventually the higher reaches of the estuary will develop as salt
marshes. An example of this is found in the Mersey Estuary and the approaches
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(1) Is the dredging far enough off shore that beach drawdown into the hole
cannot take place? On the basis that the approximate limit for onshore/
offshore movement is about 10 m below low water, this is usually taken as
the minimum depth to ensure no beach drawdown.
(2) Is dredging to be carried out in deep enough water to ensure that the hole
will not interfere with the onshore movement of shingle? An 18 m depth is
considered sufficient for no shingle movement, but this may be increased
in regions of strong tidal currents.
(3) Does the dredging area include banks which if removed would increase
wave activity at the shoreline?
(4) Is the area sufficiently distant from the shore and in deep enough water so
that changes in wave refraction over the dredged area do not lead to
changes of littoral transport at the shoreline?
If these conditions are satisfied, further consultations are held with Fishery
Authorities and other interested parties, before a licence to dredge is issued.
10:5 Tides past
Tidal amplitudes and phases, although stable from year to year, are known
to have changed over longer periods. Comparisons of historical and recent tidal
observations have shown only small changes, except where extensive develop-
ments such as river dredging or harbour building have occurred (Cartwright,
1972). Between 1761 and 1969 the oceanic semidiurnal tides at St Helena in the
South Atlantic were constant in amplitude and phase to within 2 per cent and
2°. Similarly, between 1842 and 1979 the amplitudes of the tides at two sites on
the east and south coast of Ireland had increased by less than 2 per cent and the
phases were identical to within 1.0°, equivalent to 2 minutes (Pugh, 1982b).
The role played by tides in the development of recent shorelines and
continental shelf sediments was certainly also significant in the geological past.
Over geological time-scales the responses of the oceans to tidal forcing must
have changed, as must the character of the Equilibrium Tidal forcing itself. In
Section 7:9:4 we discussed how the energy lost by tidal friction came from the
dynamics of the earth-moon system, and principally from the reduction in the
rate of rotation of the earth. In order to conserve the total angular momentum
of the two-body system, this loss of rotational energy is compensated for by an
increase in the earth-moon separation. Although this increase in the separation
is estimated at only 0.04 m per year, over geological time major changes in the
separation and hence the tidal forcing have accrued. For example, extrapolat-
ing the present rate backwards in time, the separation was one earth radius less
150 million years ago than today. In turn this implies, on the basis of the cubic
relationship between the distance and the magnitude of the tidal forces
(equations (3.5) and (3.12)), that the tidal amplitudes should have been 5 per
cent higher then than they are today.363
If these increased tidal amplitudes are taken to imply corresponding in-
creases in the energy losses, then further extrapolation suggests that the moon
was within a few earth radii of the earth between 1000 and 2000 million years
ago. The close proximity indicated by these gross extrapolations is called the
Gerstenkorn event. The geological record, however, gives no indication of such
an extreme event at any time in the past 4600 million years. Clearly the
assumptions made about past tidal ranges and energy dissipation need further
examination. It may be that the near-resonant semidiurnal responses of the
present ocean are not typical of previous ocean and continent configurations.
Similarly the different lengths of day discussed in Section 7:9:4 would have
excited different ocean modes. The more rapid rotations of the earth would
have increased the tidal frequencies so that different responses would be
excited, matching the shorter tidal wavelengths. Models of the average energy
dissipation in an ideal hemispherical ocean show that on this basis the
dissipation rate falls rapidly if the tidal frequency is increased, and that the
Gerstenkorn event was much earlier than previously estimated (Webb, 1982a).
Numerical models which take into account variations in the actual ocean
configurations and their response to tidal forcing over the past 450 million
years show that ocean tides were not dramatically different then from the
present day (Stride, 1982).
Modelling the shapes of the ancient ocean basins fails to include the very
important influence of the continental shelf regions, which is where the tidal
energy is dissipated. Some information about past tidal conditions in shallow
seas can be gleaned by careful analysis of sedimentary rocks which were
deposited at that time. Geological indicators of the tidal regime under which
sediments were established include sand waves, longitudinal sandbanks, sand
and mud sheets, and scoured surfaces. These features have been tentatively
identified by geologists in sedimentary rocks from as early as 1500 million years
ago. In some circumstances sand and mud layers are interleaved, indicating
periodic changes in the different conditions of transport and deposition
(Section 10:4:2). Advancing sand waves may have such interleaved layers of
sandy foresets and mud drapes, corresponding to periods of vigorous flow and
slackwater respectively. One example from Oosterschelde (Netherlands) is
shown in Figure 10:12 (a). These sediments are thought to have accumulated 200-
300 years ago at a depth 10-15 m below sea-level (Visser, 1980; Allen, 1981;
Allen, 1985a). The spring-neap modulations are clearly visible, with the mud-
drape separation an order of magnitude greater during periods of vigorous
spring tidal currents than during the intermediate period of neap tides.
Assuming a cubic law relating current speeds to the resulting sand transport it
was possible to estimate the ratio of spring to neap current speeds. Similar mud
drapes from Cretaceous sand deposits (about 135 million years ago) from
southeast England show periodic variations in the drape separation which are
much less regular than the recent Oosterschelde mud-drape spacings. Figure
10:12 (b) also shows the spacing in the Folkestone beds, where the shorter
lengths of the cycles of spacings have been attributed (Allen, 1981) to a strong
diurnal tidal influence. On the basis of simple transport models, it was366
10:6 Mean sea-level: the geological record
The practical importance of describing and understanding how sea-level has
changed over historical and geological times is accentuated by the large areas of
land which would be flooded by relatively small increases in level, and
conversely the large areas of shelf seas which would be exposed by a small fall.
Some 20 per cent of the earth's land surface lies within one hundred metres
above and below the present mean sea-level.
For oceanographers the identification of global changes of sea level due to an
increased volume of water, or those related to changes in ocean dynamics
would be easier if it were possible to identify areas of geological stability, where
there have been no vertical movements over the past few thousand years. For
geologists one of the long-term goals has been the identification of a global
curve of eustatic sea-level changes with time (Gutenberg, 1941; Morner, 1980);
however, recent work has shown that it is an over-simplification to represent
the global response to changes in the ocean volume in terms of a single curve.
As we discuss later (Section 10:7), redistribution of the water mass has
secondary effects.
The first detailed records of mean sea-level were started in Brest in 1807, but
even before that, measurements of high and low water levels were being made
at Amsterdam and Stockholm, from 1682 and from 1774 respectively. Despite
some uncertainty about their datum stability and the problems associated with
using mean tide level as a substitute for mean sea-level (particularly in regions
of shallow-water tides), trends consistent with the observed climate changes are
present (Morner, 1973). To see these trends clearly it was first necessary to
subtract estimated land movements of 0.4 mm yr""
1 subsidence for Amsterdam
and an uplift of 4.9 mm yr""
1 for Stockholm. After a period of little sea-level
change from 1682 to 1740, there was perhaps a fall of 0.25 m over the next 100
years. The present sea-level rise began in the middle of the nineteenth century.
The Brest record shown in detail in Figure 9:6 confirms this increase after 1850.
The apparent fall of 0.25 m coincided with a worldwide climatic cooling and a
corresponding glacial advance in many areas. The last major glaciation was at
its maximum 20 000 years ago. At this time most of Britain, Northern Europe
and much of North America particularly North-West Canada were covered by
extensions of the polar ice-caps and the sea levels were perhaps 100 m lower
than today (West, 1968).
Evidence for lower sea levels than at present includes submerged erosion
notches (Figure 10:13(a)), submerged shore-lines and deltas. The extension of
river valley systems well out across the continental shelf, sometimes as far as a
submarine canyon at a shelf break, such as the Hudson Canyon off New York,
are particularly striking. Submerged forests, peat beds and shells which contain
organic material may be dated by radiocarbon methods to determine the time
when they were at mean sea-level. A proportion of the carbon dioxide absorbed
by plants and animals during their lifetime (1 in 10
12) contains radioactive C14.
Decay of this radioactive proportion to nitrogen by electron emission with a369
20 000 years ago, which gradually slowed down 8000 years ago when levels
were some 15 m below those of today. Figure 10:14 shows that the rise then
proceeded more gradually until present levels were reached some 4000 years
ago. Since that time the mean sea-level changes have consisted of oscillations of
small amplitude. On this evidence, the present slow rates of change are not
typical, and in the geological past changes of 1 m or more per century were
common.
The recent ice age was only the latest in a succession of advances and retreats
which have repeated throughout the past two million years. Throughout this
Quaternary period 17 glacial-interglacial cycles have been identified. However,
over geological time these periods of large glacial oscillations are unusual and
have only been seen on four other occasions in the past 900 million years.
Not all marine transgressions and regressions are caused by glacial cycles.
Changes in the shapes and volumes of the ocean basins have also greatly
affected sea levels over periods of millions rather than tens of thousands of
years. For example, high sea levels can also be correlated with times of very
active formation at mid-ocean ridges. This is because the hotter less-dense crust
forms a broader higher ocean ridge, which reduces the mean ocean depth and
so increases the sea-level. Desiccation of isolated basins such as the Mediterra-
nean Sea and the Red Sea would also cause higher sea levels in the oceans
(Donovan and Jones, 1979).
10:7 Isostatic adjustment and geoid changes
Tide gauge mean sea-level trends show the largest variations from an 'ideal'
eustatic increase or decrease in sea-level in regions which have been subjected to
loading by the glacial advances and retreats. In Figure 9:6 the sea-level trend
for Sitka is strongly downward, whereas sea levels globally are increasing by
0.10 to 0.15 m per century. Even more extreme examples where vertical land
movements are rapid enough to keep ahead of the eustatic water-level increases
can be found at Juneau 150 km north of Sitka where rates of more than 1.0 m
per century are measured, and in Scandinavia. This relatively rapid uplift has
caused approaches to ports such as Oulu and Vaasa in Finland and Sundsvall
and Gavle in Sweden to become progressively shallower and more difficult for
navigation. Figure 10:15 shows the falls of sea-level relative to the land in mm
per year for north-west Europe (Rossiter, 1967; see also Emery and Aubrey,
1985). There is a maximum value of nearly 10 mm per year in the Gulf of
Bothnia but the trend reverts to the global average eustatic rise around the
coast of Denmark. Further south, the apparent rates of sea-level rise actually
exceed the eustatic rate, which implies a sinking of the land. This sinking also
occurs around other areas of post-glacial uplift and is responsible for the very
rapid rise of 3.7 mm per year in apparent sea-level at Halifax, Nova Scotia,
plotted in Figure 9:6.373
areas may be averaged to give an indication of the increase in the volume of
ocean water, but the results even from glacially remote sites such as India must
be interpreted with the total global behaviour in mind.
10.8 Earthquakes and local crustal movements
The mean sea-level movements associated with the advance and retreat of ice-
caps have a global character, but there are more local land movements caused
by other geological processes •(Kasahara, 1981). The most spectacular of these
are movements due to earthquakes. Charles Darwin reported the movements
following the Concepcion, Chile earthquake of 1835: putrid mussel-shells were
found ten feet above high-water mark, for which the inhabitants had previously
dived at low-water spring-tides. Darwin proceeded to argue that the discovery
of sea shells several hundreds of feet above sea-level was further evidence that
the whole Andes chain was formed by intermittent systematic uplift.
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Figure 10:17 Vertical land movement associated with the 1964 Niigata earthquake in Japan
(magnitude 7.5) from 1955-1963 and the drop one year before the earthquake itself. (Reproduced
by permission of Elsevier.)
However, the major Chile earthquake (of magnitude 8.6 on the Richter scale)
in 1960, failed to show any change in mean sea-level at a gauge 100 km north
of the epicentre, which shows that the movements in individual earthquakes are
only of local extent. The existing network of tide gauges cannot monitor such
local earth movements, except along the coast of Japan, where a dense
concentration of gauges is installed as part of an earthquake monitoring
system. Following the Niigata earthquake (magnitude 7.5) in 1964, a fall of the
land relative to the sea of more than 0.20 m was recorded on the tide gauge. The
sea levels shown in Figure 10:17 reveal another interesting feature: the steady
land uplift from 1955 is seen to reverse a year before the major earthquake
movement. Similar systematic rises and falls were observed by repeated careful
levelling along more than 100 km of coast. The possibility of identifying the374
onset of this reversal of vertical land movement as a basis for forecasting future
earthquakes has encouraged further measurements and studies. It appears that
the larger the earthquake magnitude, the longer is the time of anomalous
vertical crustal movement.
Movements along the destructive plate margin of the South American coast
are more likely to result in vertical land movement than those along the
conservative plate margin between North America and the Pacific Ocean. The
San Francisco earthquake of 1906 (magnitude 8.3) shows no discontinuity in
the sea levels nearby, plotted in Figure 9:6.
Similarly, the sea levels at Sitka, also plotted in Figure 9:6, show no
effects after the strike-slip motion earthquake (magnitude 7.1) of July 1972,
which was centred 40 km offshore. The problem of measuring land movements
is made very difficult because they are usually much smaller than the natural
oceanographic variability of the monthly and annual sea levels as shown in
Figures 9:2 and 9:6. One way of overcoming this difficulty is to monitor the
difference between mean sea levels at a pair of nearby stations, making the
assumption that the extent of the monthly sea-level changes is greater than that
of the tectonic movements. However, applying this differencing technique to
the Sitka data (Juneau was not used as a comparison gauge because of its very
rapid postglacial uplift), showed only a possible 0.03 m uplift during the period
1966 to 1968. It is unlikely that tide gauge measurements alone could give
useful indications of impending earthquakes in areas vulnerable to this type of
slip movement (Wyss, 1975a, 1975b, 1976).
In some cases relative movement of the land/sea levels may be due to human
activities. The Japanese city of Osaka has suffered subsidence due to ground
water extraction, as has Bangkok, Thailand (Volker, 1982). Increasingly
regular flooding of Venice is in part due to the pumping of water from city wells
and the accelerated subsidence which resulted. The relative increase of sea-level
for Venice is reported to be 3 to 5 mm per year, more than twice the rate along
the more stable nearby coasts. It remains to be seen whether the recent
provision of an alternative supply of fresh water will reduce the relative rise of
sea-level in Venice to the more normal regional values of around 1.5 mm per
year.376
terms of submersion and exposure to air but also in terms of the resulting
temperature and salinity changes, sediment movements and nutrient fluxes.
Coastal ecosystems, particularly those in estuaries, are very vulnerable to
human influences, either directly because of exploitation, or indirectly because
of local or even global pollution. Permanent damage may result from disturb-
ing the fine balance between living organisms, sediments and tides. But the
coast also has great potential for beneficial uses: careful management of
these uses can allow multiple complementary activities including general
recreation, food production, and transport. One example of a valuable coastal
activity is mariculture, the rearing of selected plants and animals under
controlled semi-natural conditions for enhanced food production. Mariculture
has a long history but has now established itself as a major industry in many
countries. Modern cultivation includes shrimps, prawns, oysters and mussels.
Careful management of the coastal environment is essential to avoid health
hazards, for example through inadequate arrangements for sewage disposal.
Marshes and low-lying vegetation, which are only occasionally flooded by tides,
may also provide a highly suitable habitat for malaria-carrying mosquitoes and
the hosts of other diseases. A proper understanding of the relationships
between all the aspects of coastal systems is an essential first step towards their
effective management, and the role played by tides must be an integral part of
this understanding (Nature Conservancy Council and Natural Environment
Research Council, 1979). In this chapter we can outline only a few basic
principles which relate tidal rhythms to the functioning of coastal ecosystems.
Accounts of the biology of the intertidal zone are given in several textbooks.
The influence of tides on living organisms is not limited to the shore. For
example, the different communities which develop over different types of sea-
bed, are indirectly controlled by the effects of tides on sediment movement as
described in Chapter 10. More directly, some types of fish have adapted to
changing tidal currents to assist in their migration. Further, the biologically
productive fronts found in many shelf areas, between stratified and unstratified
water, are located in positions controlled by the water depth and the strength of
the tidal streams. These offshore tidal influences in living systems are discussed
in the second part of the chapter. Although the biological responses to long-
term sea-level changes are outside the scope of this book, some potential
implications of interannual sea-level changes for fisheries development, and of
possible correlations between fish catches and sea-level are indicated. Human
intervention and reaction to tides has already been considered, particularly in
Chapters 8 and 9. The final section of this chapter discusses the environmental
and possible social impact of enhanced rates of sea-level rise.
11:2 Tidal rhythms and statistics
Marine biologists have often looked for relationships between the local tidal
regime and the zonation of coastal species. In attempting to relate biological
distributions to tidal patterns and to possible Critical Tidal Levels (CTLs) it is377
necessary first to present the tidal patterns in an appropriate form. There are
many different ways of doing this. The most direct is to plot sea-level or current
variations against time, as shown for example in Figure l:l(a). However, the
frequency distribution of tidal levels at Newlyn and at Karumba as plotted in
Figure 1:4 are in a form which allows them to be related more easily to
particular levels of vertical zonation. The astronomical basis for other well
known patterns such as the diurnal inequality of high and low water levels,
spring-neap amplitude modulations and the recurrence of extreme ranges are
discussed in Section 3:4. Tidal patterns can be found and presented in a number
of other ways, each of which may be relevant to the adaptive mechanisms of
some particular plant or animal. In the discussion which follows, the tidal
characteristics at Newlyn (strongly semidiurnal) and at San Francisco (mixed)
are analysed in detail as examples of different methods of presentation.
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Figure 11:1 Frequency distribution of tidal levels and curves showing percentage exposure to air
of each level for (a) Newlyn, which has a strong semidiurnal tide, and (b) San Francisco, which has
mixed tides. Statistics are for 1981 predictions. Levels are to Chart Datum in both cases.379
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Figure 11:2 Tidal levels for Newlyn and San Francisco, 12 March 1981. The right-hand column
distinguishes the five separate zones. (1). Not flooded during the day. (2) Flooded once for a short
period. (3) Flooded and exposed to air twice per day. (4) Exposed to air once per day.
(5) Continuously flooded throughout the day.
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Figure 11:3 The variation through March 1981 of the extent of the five zones defined in Figure
11:2, for San Francisco.oo
Table 11:1 (a) The periods of exposure to air of different levels at Newlyn (1981 predicted tides).
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112 hTable ll:l(b) The periods of exposure to air of different levels at San Francisco (1981 predicted tides).
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factors and the range of their possible contributions are summarized in Figure
11:17, where the dark shading indicates the most probable responses based on
present knowledge. The total of these four factors indicates an increase of
global 'eustatic' sea levels of 1.0 m by the year 2100. These 'eustatic' increases
must be added to local coastal sinking, and to any changes in the ocean surface
dynamic topography (Figure 9:8). Changes in the geoid (Figure 3:14) due to
redistribution of water mass must also be considered.
The most obvious consequence of increasing sea-level would be coastal
erosion and the flooding of low-lying land. The extent of the erosion may be
estimated by the Brunn rule (equation (10:3)), which, although basically two-
dimensional, is often applied three-dimensionally. Along the low-lying south-
east coast of the United States shore-line retreat of the order of 1 m for each
0.01 m of sea-level rise has been estimated (Titus, 1986). Delta regions are very
vulnerable, and up to 20 per cent of the land in Bangladesh could be flooded
with a 2 m rise of sea-level. Similarly, over 20 per cent of the Nile Delta would
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Figure 11:18 Positions of proposed sea-level stations for the Global Sea Level Observing System413
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importance of the various factors contributing to the observed global sea-level
increases of 10-15 cm per century. This research will involve many separate
scientific disciplines, including glaciologists, oceanographers, geodesists, geolo-
gists and atmospheric scientists. The danger is that although there may be only
a small rise of sea-level initially, the real effects may be concealed for several
decades by the thermal inertia of the ocean; meanwhile an irreversible process
may be established. Another priority is the establishment of a global sea-level
monitoring system, with gauges measuring to common standards as part of a
well distributed network. The network shown in Figure 11:18 is being devel-
oped by the Intergovernmental Oceanographic Commission, based on pro-
posals made by Professor Klaus Wyrtki and the Permanent Service for Mean
Sea Level, with the enthusiastic endorsement of member states. Selected gauges
(Section 9:7) will also be connected into a geometric global coordinate system
to distinguish between changes of sea-level and vertical land movement. These
measurements are a long-term commitment to identifying and understanding
sea-level changes for future generations.Amplitude
response
I Doodson X. filter (19 hours)
2 72 hours
3 168 hours
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Figure A 1:2 Characteristics of three low-pass filters applied to hourly values.
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